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LDC  Laser  Densificabon  Condinons,  including  LI.  L2(incbes),  pulse  widthfsee) 
and  powertmA) 

US  A spot  produced  by  laser  iiradiaiion 

LO  Longitudinal-Opbcal,  Maxwellian  electric  polarization  is  parallel  to  the 

propagation  vector  of  the  IR  wavefGol83| 

MCVD  Modified  Chemical  Vapor  Deposition 

a Refractive  index 


Niuncricai  Apemue  of  an  optic 


NBCVBO  Ratio  of  non-bridging  oxygen  (NBO,  i.e.SiOH)  to  bridging  oxygen  bonds 

(BO,  i.e.  Si-O-Si) 

NBS  NaiionaJ  Bureau  Standard 

NIR  Near  Infrared 

NIST  National  Institute  of  Siandaids  and  Technology 

PMP  Peak  Maximum  Positian(l/cm) 

PSR  Piopottional  Specimen  Resistance  in  microhaidness  theoiy[Li9l| 

SD  Starting  Density,  initial  bulk  density  of  the  gel  substrate  before  iaser 

SS  Symmetric  Stretching  vibration  of  Si-O-Si 

T|  Glass  transition  temperature 

TGA  "niermogravimetricanaiysis 

TMOS  Tetramethoxysilane 

TO  Transverse-CIptical.  Maxweliian  electric  polartation  is  transverse  to  the 

propagation  vector  of  the  IR  wave|Gal83] 

UV  Ultraviolet 

VHN  Vickeis  Hardness  Number 

VHNm  Vickers  Hardness  Number  of  a Type  V gel-silica  glass -812±lg 

VLSI  Very  large  Scale  Integrated  Circuit 

MS  Qiangein  ftequency  Asymmetric  Stretching  vibration  of  Si-O-Si 

An  Orange  in  re&active  index 

AVHN 


Change  in  Vickera  hardness  number 
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The  goals  of  this  study  arc  to  densify  locally  Type  VI  porous  gel-silica  glasses 
using  a CO2  laser,  characteiiae  the  properties  of  laser  densified  regions,  and  explore  optical 
applications  such  as  gradienirefiactive  index(GRIN)  microlenses,  geodesic  micitilenses 
and  micrD-optical  arrays. 

Ranges  of  substrate  density  from  1.13  g/c.c.  to  2,15  gfce-were  studied  and  densities 
of  > l.g  g/c,c.  pitiduced  stable  optical  elements  and  achieved  a full  density  region  of  2.2 
g/c.c.  The  laser  irradiated  region  has  a higher  refractive  index  than  the  gel-silica 
subsitate(in=0-01  to  0.09)  and  can  be  used  to  manipulate  optical  rays  for  focusing  or 
imaging  or  function  as  GRIN  miciti-optical  and  iniegiaied-opiical  components. 
Characieriaation  of  the  surface  and  the  cross  section  of  the  laser  densified  region  includes 
miciohardness  measurement  and  micro-IR  rcfleciaoce  spectroscopy.  It  is  demonstrated  that 
micro-IR  spectroscopy  is  a fest  and  nondesmictive  technique  for  characieriaarion  of  GRIN 
optics.  Optical  properties  of  the  laser  densified  spot  are  also  analyaed.  Quantitative  analysis 
of  focal  length  and  numerical  apenure  are  obtained  using  ray  theory.  A new  method  was 
developed  for  determining  the  refractive  index  of  the  porous  gel-silica  glasses  from 
reflectivity  measurements. 


Thei 


I ihow  the  poteniial  to  npbc 


cofnplicacul  techniques  and  the  capability  of  using  laser  pmcessing  to  make  micro-optical 

A novel  technique,  sol-gel  processing,  was  used  in  this  study  (or  the  ptcpaiation  of 
the  silica  substrates  for  further  laser  densificahon.  Type  VI  gel-silica  glass  has  a unique 
homogeneous  p«e  texture  with  average  poreradii  of  1.2  nm.  Properties  of  the  furnace 
densified  gel-silica  glasses  ate  characteriaed,  and  lesults  are  equivalent  to  laser  deasified 

A new  quandtadve  ihtee-dimenaonal  transient  model  was  developed  for  the  first 
dme  to  simulate  the  temperature  distributions  of  the  laser  densified  track  or  spot. 
Temperature  distribudons  ate  simuJaied  using  thermodynamic  principle  svithin  a 
compuurional  vdumeof  2x2x2  mm^,  with  1000  data  points  per  volume-  The  governing 
differential  equadon  of  this  ihennal  model  was  derived  from  the  law  of  energy  consetvatim 
and  solved  by  using  an  Alternate-Direction- Implicit(ADI)  method.  The  calculated 
temperaniTe  distributions  compared  well  with  the  property  distributions  of  the  laser 
densified  spots. 


CHAPTER  1 
INTRODUCTION 


1.1  Bnckgrniinrt 

In  'SOs  and  '60s.  the  invendon  of  mnsisior  and  imcgraicd  ciicuits  stimulaicd  the 
developmeni  ihe  elecironic  communication  sysiems.  Today,  ihe  invention  of  the 
semiconducior  laser  and  glass  fiber  noiiMily  replaces  ihe  wires  bui  also  piomoies  the 
deveiopmeni  of  optical  computing  or  optical  signal  processing.  Tiie  advanlages  of  using 
optical  computing  include  speed,  low  cost,  compact  size,  direct  image  processing, 
immunity  to  electromagnetic  interference,  massive  parallelism  and  connectivity.  Optical 
signal  processing  often  operates  on  two-dimensional  inputs  oringuided-wave  optical 
leclinology,  such  as  image  processing,  partem  recognition,  and  robotic  vision.  One  of  the 
attractive  feanites  of  the  optical  signal  processing  is  the  high  data  rate  operating  with  low 
power  laser.  Compand  with  the  elecironic  data  rote,  optical  data  rate  is  lO’  times  higher. 

The  necessary  devices  used  in  optical  computing  or  optical  signal  processing 
include  couplers,  waveguides,  interconnects  and  tnicrolens  arrays.  Cuireni  processing  for 
satisfying  the  needs  listed  above  have  limitations.  The  Umiiaiians  an  related  to  the  material 
piocessing  available.  The  currEni  fabrication  processes  are  primahly  chemical  based,  vapor 
phase  or  plasma  based,  and/br  ion  beam  or  molecular  beam  based  processing.  Thetefon, 
there  Is  a need  for  new,  simple  processing  method  to  produce  a new  generation  of  optical 
components.  This  is  especially  the  case  for  iniegiated  optical  systems  which  an  compatible 
with  fiber  optics  and  can  include  non-linear  c^tical  switches,  interconnects,  filters,  etc. 

The  oppominity  now  exists  for  a new  approach  to  produce  optical  devices  by 
combining  the  sol-gei  processing  of  new  optically  transparent  silica  glasses  with  the  i-ser 
processing  of  local  densificaiion  of  gel-silica  glasses.  Sol-gel  processing  has  been 


recognized  for  producing  pure  silica  glass  with  superior  properties  at  lower  processing 
letoperaiure.  Laser  processing  is  introduced  due  to  the  speed  and  high  degree  of 
auiornairon  which  the  current  complicated  techniques  cannot  achieve.  The  other  unique 
feature  of  laser-written  opocal  devices  is  the  coniroUable  dimensionsIS  1.5  mm)  and  the 
ability  to  form  complex  patterns  of  laser  irradiated  regions. 

Examples  of  micro-optica}  compottents  that  can  be  made  by  using  laser 
densificauon  of  gel-silica  glasses  are  waveguides,  negative  mictolenses.  geodesic 
microlenses.  CRINICradient  refmcdve  index)  planar  miciolenses  and  the  arrays  of  all 
types  of  these  microlenscs. 

Thius.  the  goal  of  this  work  is  to  explore  the  optical  appllcauons  of  the  laser 
densified  elements  in  integrated-optics  or  micro-opdcs  developed  by  using  modem 
iechnologies(sol-gel  processing  and  laser  processing)  which  have  great  potential  to  replace 
the  current  fabrication  methods  for  micro-optical  or  inregraied-opdcal  devices. 


The  advantages  of  using  gel-sllicn  glasses  as  the  substrates  of  the  optical  devices 


(a) High  optical  transmittance  of  Type  V full  density  gel-silica  glass  from 
wavelength  of  180  to  3500  nm.  i.e.  multichromatic  source  compatible  and  index 
matching  with  fiber  cities. 

(b) Hoirx>geneous  pore  texture,  and 

(c) Avaiiabiliiy  of  further  densifying  the  porous  gel-silica  glass  using  laser  heating. 
The  advantages  of  using  laser  densification  to  make  optical  devices  include 

(a) A  fast  and  clean  technique. 

(b] A  contact  free  local  treacmeni, 


c)Ease  of  fabric 


(d)lRtroduciion  ofCRIN  opdcal  devices, 

<e)A  high  degree  of  auiomahon  and  a good  reproducibility  of  ihe  process. 

(f) A  feasible  aliernative  or  addition  to  existing  techniques,  and 

(g) A  direct  fabricaliDn  technique  that  simuitaneousiy  improves  the  optical 
performance  of  the  loser  irradiated  area. 


1.3.1  Monvanons  of  This  Study 

Sol-gel  processing  is  an  imponant  new  technique  for  making  high  purity  silica 
substrates  for  optical  applications.  The  surfaces  and  the  interfaces  of  the  gel-silica 
substrates  can  be  controlled  during  earliest  stage  of  fomation|HenS4|.  The  volume 
Ctacdon  of  porosity  of  the  gel-silica  glass  decreases  with  accompanying  increase  in  index  of 
rafraction(n)  at  increasing  densification  temperatures.  Type  VI  porous  gel-silica  glass  has  a 
unique  homogeneous  pore  texture  with  overage  pore  radii  of  1 .2  nm.  The  extremely  small 
pores  make  it  possible  to  control  densification  by  an  incident  laser  beam  with  high 
precision.  Thus,  this  new  Type  VI  gel-silica  optical  material  Is  selected  as  the  silica 
substrate  in  this  study.  The  final  product  of  the  sol-gel  processing  is  a Type  V full  density 
gel-silica  ^ass  which  is  structurally  like  a commercial  pure  silica  glass  and  has  superior 
thennal  and  opdcal  prDperties[Muk88|[Wan881(Hcn88|[Hen90a|. 

Both  Type  VI  porous  gel-silica  glasses  with  imermediate  values  of  n and  Type  V 
fulldcnsi^  gel-silica  glassesibulk  density=2.2  g/c.c.  and  n=l.4d)  can  be  made  reliably. 

The  dilTererce  in  the  refractive  indices  between  Type  VI  and  Type  V gei-silica  glasses 
stirmilDtes  the  development  of  optical  devices  with  a higher  reftacdve  index  than  the 
substrate.  This  concept  becomes  a realiry  by  introducing  a COi  laser  to  locally  densi^  the 
Type  VI  porous  gel-silica  glasses. 


Lasen  are  readily  available,  high  technology  tools  for  modifying  the  surface 
properties  of  the  materiaJs  by  direct  heating.  In  this  research  work,  the  refractive  index  of 
the  gel-silica  substrate  is  increased  by  using  a localized  COj  laser  beating.  The  silica 
substrate  absorbs  the  laser  energy  very  efficiently  because  the  wavelength  of  the  COj  laser 
is  dose  to  the  Si-O-Si  stretching  vibration  mode.  Therefore,  opdcai  devices  with  higher 
refractive  index  such  as  microlens  arrays  can  be  direedy  "written " on  the  surface  of  the 
porous  gel-silica  substrates.  The  laser  processing  time  of  making  one  micralens  is-I.S 
seconds  in  this  work.  Arrays  of  microlens  can  also  be  made  by  using  a computer- 
controlled  positioner  to  permit  the  translation  of  the  gel-silica  sample  in  from  of  the  laser 

The  motivaiians  of  the  study  are  to  combine  the  modem  technologies  of  sol-gel 
processing  and  laser  prccessing.  use  the  laser  densification  tofurther  densify  the  porous 
gel-silica  glasses  locally,  and  consequendy  increase  the  index  of  refraction,  and  explore  the 
optical  applications  of  the  laser  densified  gel-silica  glasses  in  the  fields  of  micto-optics  and 
imegrated-optics. 


The  goals  of  this  study  include 

(a) Densify  locally  Type  Vi  porous  gel-silica  glasses  using  a CO2  laser. 

(b) Characierize  the  properties  of  laser  densified  regions, 

(c) Chiuacterize  the  furnace  densified  gel-silica  glasses  at  increasing  densification 
temperature  and  compare  the  results  with  the  properties  of  the  laser  densified 


(d) Invesiigate  the  stability  of  the  laser  densified  spot, 

(e) Explore  optical  applications  of  the  laser  densified  optical  components  such  as 
GRIN  microlenses,  geodesic  microlenses  and  micro-optical  arrays. 


(f)Develop  ihiee-diinensioiul  iransieni  thermal  models  for  the  laser  densification  of 
the  gel-silica  glasses. 

1.3.3  Introduction 

This  dissertation  is  divided  into  eight  chapters.  Chapter  1 describes  the 
background,  advantages,  and  genemJ  introduction  of  this  study.  Chapter  2 covers  the 
reviews  of  sol-gel  processing,  laser  processing  and  the  extensive  review  of  the  oprica) 
tnicrolenses.  Chapter  3 describes  the  sol-gel  processing  and  the  characterization  of  furnace 
densified  gel-silica  monoliths  such  as  the  physicaJ,  thermal,  mechanical,  and  the  opdeal 
properties . Thermal  siabilizadon  and  chemical  siabiliaation  were  used  to  obtain  gel-silica 
substrates  with  high  bulk  densides.  RequirementsofType  VI  gel-silica  glass  for  further 
laser  densificanon  are  described. 

Ranges  of  substrate  density  from  1.13  g/c.c.  to  2.ISg/c.c.are  discussed  in  Chapter 
4.  Previous  smdy  showed  that  relaxation  of  the  laser  densified  region  occurred  after  laser 
irradiation  when  a gel-silica  glass  with  low  bulk  density(=1.56  g/c.c.)  was  used. 

Therefore,  the  effects  of  the  bulk  densities  of  the  gel-silica  glasses  on  the  laser  densification 
were  studied.  The  maximum  degree  of  densification  of  the  porous  gel-silica  glasses 
produced  by  the  CO?  laser  headng  was  also  investigated.  The  results  showed  that  substrate 
densities  of  > 1.8  g/c.c.  produced  stable  optical  elements  and  achieved  a full  density  region 
of  2.2  gfc.c.  in  the  center  of  the  laser  densified  spot  Characterization  of  the  surface  and 
the  cross  section  of  the  laser  densified  region(-l  .4  mm  in  diameter.  2U0  pm  in  depth) 
includes  microhardness  measurement  and  micro-lR  reflectance  spectroscopy.  It  Is 
demonstrated  that  micro-IR  spectroscopy  is  a fast  and  nondestructive  technique  for 
characierization  GRIN  optics.  This  technique  allows  an  immediate  investigation  of  the 
structural  changes  of  the  laser  densiried  spots  and  tracks. 


Chanicierization  results  of  fumece  densified  geUsilicQ  glasses  discussed  in  Chapter 
3 are  equivalent  to  the  propenies  of  the  laser  densified  glasses.  Stability  of  the  laser 
densified  spot  was  investigated  by  monitoring  the  VHN  profile  at  increasing  time. 
Approaches  of  preventing  water  effect  on  laser  densificatlon  an;  summarized.  Mechanisms 
of  laser  densiricadon  of  porous  gel-silica  glass  ate  discussed.  Structural  model  of  a laser 
densified  spot  is  also  shown. 

Schemadcs  of  ihe  opdcaJ  devices  that  can  be  made  on  gel  silica  substrates  are 
illustrated  in  Chapter  S which  include  a geodesic  microlens.  a compound  microlens.  a 
GRIN  planar  microlens.  and  negadve  microlens  and  microlens  arrays.  The  function  of  the 
laser  densified  GRIN  region  mclude  focusing,  defocusing  and  imaging,  (^aliiaiive  and 
iheoietical  analyses  of  the  laser  densified  opdcsfi.e.  the  phenomena  of  focusing  and 
imaging  and  the  calculated  focal  length  and  nominal  numerical  aperture)  are  discussed. 
Advantages  of  the  fabricadon  of  optical  componenu  using  laser  healing  are  also 
summarized. 

The  c^dcal  properties  of  the  laser  densified  spout  are  analyzed  quantitatively  In 
Chapter  6.  The  laser  irradiated  region  has  a higher  refractive  index  than  the  gel-silica 
substTBiefin^.OI  to  0.09)  The  laser-induced  index  change  S 0.09  is  higher  than  the  index 
change(=0.05)  of  a GRIN  rod  made  from  sol-gel  processlYamPO].  Characterization  of  the 
laser  densified  miciolenses  include  IR  reflectance  spectra  of  the  laser  densified  spot, 
surface  index  proBles.  focal  length,  coupling  efficiency,  numerical  aperture  jind  ihe  piofile 
of  focused  spot  formed  by  a gel-silica  GRIN  planar  microlens. 

We  know  that  the  prt^ierties  of  the  gel-siUca  glasses  are  strongly  affected  by  the 
processing  temperature,  as  discussed  in  Chapter  3.  Thus,  it  is  iraportanl  to  know  the 
temperature  distribution  of  the  laser  densified  spot.  Quantitative  transient  thermal  models 
were  developed  lo  simulate  the  dynamic  three-dimensional  temperature  distributions  of  the 
laser  densified  track  or  spot,  fror  a laser  densified  spot,  temperature  distributions  are 
simulated  using  thermodynamic  principle  within  a computational  volume  of  2x2x2  mm^. 


wilh  lOOOdaia  paints  per  volume.  The  governing  equation  of  this  thermal  model  is  derived 
from  the  law  of  energy  conservation.  The  equation  was  solved  by  using  an  Alternate  Direct 
ImplicilfADT)  method.  The  heating  rate,  cooling  rate  and  the  three<limensional  lemperatiire 
distributions  were  obtained.  The  simulated  lemperanire  di.stributions  horn  the  thermal 
model  of  a laser  dcnsified  spot  compare  well  with  the  property  distributions  on  the  surface 
andihe  cross  section  of  the  laser densified  region.  Chapter  8 describes  the  summary  and 
conclusions  of  this  research  wodc. 


CHAPTER2 
LITERATURE  REVIEW 


InieresJ  in  the  sol-gel  processing  of  inorganic  ceramic  and  giass  materials  began  as 
early  as  the  mid  1800’s  with  Ebelmen  and  Graham’s  studies  on  silica  gels.  There  was  little 
technological  interest  because  long  drying  times  one  year,  or  more,  were  necessary  to 
obtain  tnonolithic  silica  gels[Hen90b|.  Roy  and  coworkeis  recognized  the  potential  for 
achieving  very  high  levels  of  chemical  homogeneity  in  colloidal  gels  and  used  the  sol-gel 
method  in  the  1950’s  and  1960'stosynihesize  many  ceramic  oxide  composites  from  the 
melted  gels,  including  compounds  involving  SiOj,  RbzO,  GajOj.  ThOj,  ZrOa,  etc.. 
which  were  originally  made  for  the  phase  equilibria  studies[Roy56||Roy69|.  Dislich  made 
a borosUicaie  glass  disk  several  centimeters  in  diameter  at  620°C  by  hot  pressing  a gel 
powder  prepared  from  metal  alkoxidesin  1971|Sak85]. 

According  to  Sakka,  the  revival  of  sol-gel  process  started  with  the  vrorics  of  Dislich 
and  Roy  aityund  1970.  because  there  was  rising  demand  for  new  mateiials  used  in  energy, 
electronics,  communications,  and  other  high  technology  lields(Sak85|.  Ulrich  also  pointed 
out  that  traditional  approaches  based  on  high  temperature  and  sophisticated  fabrication 
technologies  impose  a severe  Umii  on  producing  glasses,  etc.,  of  high  reliability  which  lead 
to  unpredictable,  catastrophic  failures  during  use  and  inhibit  the  attainment  of  propeides 
approaching  the  theoretical  values  in  glass  and  glass  ceramics(Ulr88].  Soi-gel  processing, 
therefore,  was  developed  to  attain  these  objectives. 


Since  1970,  powders,  fibers,  grains,  preform  of  optical  fibere,  and  a variety  of 
coatings  and  films  have  been  developedPis83|.  Yoldas  succeeded  in  preparing  large,  and 
iranspaient  monoliths  of  porous  alumina  by  the  sol-gel  method  which  aroused 
considerable  mieiesi|Yol7S1.  Zarzycki  Cl  ol.  detnonstraied  the  producuon  of  large 
monolithic  aerogels  by  hypercritical  drying  and  discussed  the  crystallisation  behavior  of  the 
gels  and  glasses  made  from  hot-pressed  gelslPha82|[Zar8‘lJ.  Yamane  investigated  the 
foimaiion  of  monoliths  horn  the  sol-gel  process  by  considering  the  effects  of  gelling 
temperature,  catalyst  on  gelling  time,  and  the  denaficaiion  tempeianue  on  the  pore  siae 
disDibution[Yam88|.  Mackenzie  indicated  that  sol-gel  process  has  the  capability  of 
preparation  of  new  and/or  improved  optical  materials,  and  it  petmiis  the  fabrication  of 
opiicaJ  components  into  shapes  not  easily  achieved  by  other  processing  iechnuiiies|Mac90|. 
Heiich  and  colleagues  have  developed  various  gel-silica  glassesrWim88|,  TiOj-containing 
gel-silica  glassiChe91|.  large  pore  gel-silica  g!ass{Fos90),  controlled  texture  by  aging 
[Ltu91|,  and  doped  gel-silica  glass[Hen90b|.  Large  monolithic  aerogel  silica  giasses  with 
high  optical  petformance  were  successfully  made  by  a reliable  sol-gel  process  [Hen88|. 
There  are  also  many  published  works  lhaishow  the  great  strides  in  understarriing  the 
fundameniaJ  aspects  of  preparing  homogeneous  multicomponent  ceramics  from  alkoxide- 
derived  gels{Hen90bKBri90|. 

To  dale,  a full  dense  gel-silica  glass  can  be  made  in  days  instead  of  a year. 
Manipulating  the  expected  uloastmciure  of  the  prepared  materials  become  a reality  through 
sol-gel  processing.  Many  new  products  through  sol-gel  processing  (starting  ftom  sol) 
bring  a new  era  in  the  manufacture  of  ceramics,  glasses,  and  composites  which  contrast  to 
the  traditional  technology(from  melt)  since  prehistory.  Mackenzie  discussed  the  fact  that 
the  sol-gel  process  has  been  increasingly  employed  in  innovative  applications  in  the  past 
few  years,  especially  in  the  field  of  composites,  porous  solids  and  coatings[Mac88|.  With 
the  uniqueness  and  versatility  of  the  sol-gel  process,  there  is  no  doubt  that  it  wiU  be  applied 
10  mote  optical  devices,  components  and  other  promising  applicanonsIMaeSO).  Ulrich 
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concluded  (hat  major  advances  in  glass  during  the  next  several  decades  will  ret^uire  an 
emphasis  which  relates  chemical  processes  lo  gbss  foimation,  the  impact  will  be  most 
evident  on  new  materials  and  ultrastnictural  level  composites  fabricated  by  low  lemperarure 
solution  proce5ses[Ulr85][Ulr88j. 

2.1.2  Review  of  Sol-Gel  Processing  and  Scienee 

In  recent  years,  silica  components  meet  very  strict  requirements  in  optical 
applications,  like  high  purity,  homogeneous  ultrasmiciure.  high  optical  performance, 
tailored  ponasity,  controllable  pore  size  and  pom  distribution[Muk88|[Wan89|.  It  is 
recognized  that  using  sol-gel  processing  is  one  of  ihe  appioaches  to  conirol  the  surfaces 
and  interfaces  of  materials  during  the  earliest  stages  of  formation(Hen84|.  In  order  to 
provide  a fundamental  understanding  of  the  sol-gel  science  for  optical  applications,  the 
following  discussions  focus  on  sol-gel  processing,  the  resulting  product  of  each  processing 
step,  and  discuss  (he  variables,  mechanisms,  modification  approaches,  models  of 
densificadon,  and  advantages  of  the  sol-gel  processing. 

Figure  2. 1 shows  die  flow  chan  of  sol-gel  processing  starting  from  the  mixture  of 
ihesoL  First,  a soi  is  described  as  a colloidal  suspension  of  solid  particles  in  a liquid 
[Bri90)  which  is  a mixiusB  of  precutsotsfe.g.  organomeiallic  compounds  like 
letrameihoxysilane,  TMOS).  waier,  and  acid  caialySL  The  precursors  react  readily  with 
water  through  teacuons  termed  as  hydrolysis,  alcohol  condensation,  and  water 
condensation  at  the  functional  group  level  as  shown  be!ow|Bri90|. 

hydrolysis 

sSi-OR  + H20=»HO-Si(OR)3-vROH  (2.1) 


51-OR  HO-Sis  =»  sSi-O-Sis  + ROH 


(2.2) 
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Figure  2-1  A flow  chan  of  Sol-Gel  processing ! 


waur  condensation 

sSi-0HtH0-Si=  = =Si-0-SiB+H20  (2.3) 

R is  an  alkyl.  -OR  represents  tJie  alkoxy  group.  -OH  is  a hydroxyl  group  and 
ROH  is  an  alcohol.  The  hydiolysis  is  rapid  and  complete  if  the  amount  of  water  and 
catalyst  is  appropriately  controlled.  In  an  acidic  environment,  and  below  4 moles  of  water 
permoleofTMOS,  the  branching  of  polymers  increases  with  water  content,  i.e.  the  gelling 
time  is  shortened  and  the  viscosity  is  increased.  Above  4 moles  of  water,  os  a result  of  the 
dilution  of  polymers  by  excess  water,  the  gelling  time  is  prolonged  and  the  viscosity 
deCTEases|Mi2S5|. 

The  pH  of  the  catalyzed  sol  has  strong  effect  on  the  structure  of  the  gel.  At  pH  = I . 
primarily  linear  or  randomly  branched  polymers  are  formed.  Discrete  and  more  highly- 
branched  polymeric  clusters  are  formed  at  pH  7 and  higher.  The  differem  resulting 
structures  of  the  polymers  are  due  to  the  mechanisms  of  the  hydrolysis  involving 
electrophilic  aiiadt  at  low  pH;  hydiolysis  and  polymerization  involving  nucleophilic  attack 
onsilicon|Bri84|.  Other  faciois  that  might  a^ect  the  hydioiysis  and  condensadon  reacrions 
are  solvent  effects,  spatial  facioistconiplicaied  alkoxy  gioupl,  and  the  inducdve  effect  of 
methyIethoxysilanes|Sak38||Bri88a|[Bri88b||Brik8c||Bri90|. 

Other  types  of  gels,  multicomponent  gels  or  large  pore  gels,  can  be  made  by  adding 
dlHereni  chemicals  when  preparing  the  mixnire  of  the  sol.  For  example,  fmeign  cations 
like  Na  may  be  added  into  the  mixture  to  fcem  a multicomponent  gel-silica  glass  Adding 
HF  into  the  sol  or  base  catalyzed  sol  may  result  in  a gel  with  large  pore  diameter  (>  8 nm). 

The  gellation  step  leads  to  a wet  gel  with  separated  phase  structures.  One  phase  is  a 
continuous  three-dimensional  network  similar  to  that  in  siUca  glass,  but  with  OH  gnsups  on 
the  pore  surfaces.  Thesecondphasetsawaier-alcidiol5oluiionmthepoRs(Rabg3|.  The 
texture  of  the  gel  can  still  be  modified  after  the  gel  point,  although  it  is  called  a "Itozen-in’' 


siren  glh  of  the  geU< 


gels  with 


tailored  ultrastniciures.  For  example,  texture  of  the  gels  during  the  aging  process  is 
controllable  after  soaking  in  a NHiOH  solution.  The  pore  shape,  pore  diameierfup  to  38 
nm)  and  porosity(up  to  74%)can  be  nilored  by  aging  time,  aging  leinperature.  and  NHaOH 
aunospheie  treatttienis[Liu91 1.  These  textural  features  of  the  aged  gels  lemain  after  drying. 
Other  examples  of  modifying  the  strictures  of  the  gels  before  drying  are  soaking,  leaching, 
and  inter^liffusion  of  index-modifying  cations  in  order  to  create  GRIN  gel-silica  glass  for 
optical  applications|Yam90||Che901!Yam91|. 

The  mechanisms  involved  in  the  aging  process  are  condensationichemical 
composition  change),  syneresisiphysical  dimension  change)  and  Ostwald  iipening(texcute 
change)[Iiu91|.  The  driving  force  for  Ostwald  lipening  is  lowering  the  solid/Uquid 
inierfacial  energy  by  the  growth  of  large  particles  at  the  expense  of  smaller  ones.  Large 
amoums  of  water,  hi^  pH,  or  high  aging  temperature  of  the  gel  environment  actually 
speeds  up  the  dissolution  and  redeposition  of  the  polymers  which  result  in  extensive 
lestructuringof  ihegel|Bti84].  Der  indicated  that  the  rate  of  dissolution  of  amoiphous 
silica  increased  linearly  with  increasing  pH  from  3 toil,  which  is  able  to  inciease  the 
coordination  of  silicon  above  four  which  weakens  the  surrounding  siloxane  bonds  of  the 
networknie79|[Bci90|.  These  modifications  result  in  lower  microhardness  and  higher 
porosity  of  the  dry  gels. 

The  objective  of  the  drying  step  is  to  eliminate  the  interstitial  phase,  water-based 
solution  (aquagels)  or  alcoholic  solution  (alcogel)  of  the  wet  gel  at  a lempemture  up  to 
1 80°C  under  ambient  atmosphere.  The  driving  force  of  the  drying  step  is  to  shrink  to 
reduce  the  solid-liquid  inierfacial  area  Iwhich  is  in  the  order  of  400-800  nf/g)  and  the 
reduction  of  chemical  potential  through  condensation  reactionslSchSti).  A dry  geL  termed 
axeiogel,  with  higher  mechanical  strength  isoblained  after  irreversible  and  sizable 
shnnkagefup  to  S0%)(Zar84|,  An  aerogel  can  be  made  by  using  hypeicriucal  drying  of  the 


wet  |el,  wiihoui  any  shrinkage,  which  results  in  a solid  with  a density  as  low  u 0.08 
g/c-c-(Hen90b|. 

Real  dme  monitoring  the  drying  behavior  of  an  olkoxide  derived  silica  gel,  studied 
by  Wilson,  showed  that  the  drying  process  of  the  gel  consists  of  three  suiges[Wiig9a| 
|Wil89b|. 

Stage  1 : During  which  the  greatest  changes  in  volume  weight  and  strunure  occur. 

Stage  11 : In  which  changes  in  weight  and  volume  are  small  but  large  changes  in 


Stage  in:  In  which  them  ate  no  further  dimensional  changes,  but  there  is  a 
progressive  loss  of  weight  to  the  minimum  attainable  value. 

These  three  stages  are  consistent  with  the  drying  stages  discussed  by  Scherer  and 
Brinker(Bri90|.  Scherer  showed  detailed  studies  of  drying  behavior  of  the  gel.  including 
the  causes  of  coniracDon.  contribucons  of  the  capUiary  stress,  the  conoolling  factors  of 
shrinkage  rate,  the  quantitadve  model  of  stress  and  strain,  and  the  drying  models  for  a flat 
plate  and  a film  on  a rigid  subEtraie|Sch8d||Sch87aj|Sch37b][Sch88i. 

The  drying  stage  is  one  of  the  cntcial  stages  to  obtain  a monolithic  gel.  During 
drying,  a large  sness  is  introduced  and  leads  to  catastrophic  iracture  if  the  drying  piocess  is 
improper.  Scherer  indicated  that  the  development  of  stress  in  the  gel  depends  on  the 
relative  rates  ofihree  independent  processes:  evaporation,  viscous  defoimaiion  of  the  solid, 
and  flejw  of  the  liquid  in  the  pores  of  the  gel[Sche6].  A quaniitaiive  description  of  the 
stress  during  drying  is  also  discussed  by  Zarzyeid.  The  approaches  to  avoid  cracking 
during  drying  are  shown  as  foUows[Zar84]. 

(a) lnciease  the  mechanical  resistance  of  the  gel  by  aging 

(b) Diminidi  the  magnitude  of  capillary  forces,  especially  generated  ftomagel  with 
very  small  pores. 

(clEUminaie  the  capillary  forces  totally,  e.g.  using  hypetcritical  drying  to  obtain  an 


tiih  soluble  c3dons[Wan86I. 


Various  types  of  gels,  comaining  tn 
made  by  soaking  the  dry  gels  in  a solution  ■ 

Dry  gels  have  large  surface  areaoKB  m^/g)  and  very  high  concentration  of  silanois 
on  the  pore  surface.  These  features  of  the  dry  gels  make  them  both  ihennally  and 
environmentally  unstable.  Dehydration  of  the  dried  gels,  termed  stabilization,  is  required  to 
overcome  these  instabilities  and  transfonn  the  gel  into  glass.  There  are  two  types  of 
siatflizanon.  thermal  stabilizanonfor  thermal  dehydrozylaiion)  and  chemical  siabilizaiion(or 
chemical  dehydroxylation),  both  involving  the  reduction  of  the  surface  area,  free  volume 
and  the  concentration  of  the  silanois  while  the  gel  becomes  more  highly  crosslinked 
lBri85al(Hen90bl.  During  stabilization,  a process  of  gel-io-glass  conversion,  both 
chemical  and  structural  Eransformaiions  take  place[Bri82].  If  the  hydmxyls  are  nor 
desorbed  before  pores  close  during  densification,  they  will  cause  bloating  or  foaming  when 
water  expands  within  closed  pores. 

Thermal  stabilization  is  used  to  reduce  the  surface  area  and  the  silanol 
cmutntmtim.  The  suengih  of  the  gel  increases  as  the  silica  network  is  stiffened  by 
condensing  the  internal  hydroxyls|Sch86|.  However,  it  is  difficult  to  maintain  the 
monoliths  and  transparency  by  using  only  thermal  siabilizadon  to  fully  densify  pure  silica 
gels . Chemical  dehydroxylation  is  widely  used  to  obtain  the  least  concentration  of  silanois 
to  compensate  the  deficiency  of  the  thermal  dehydroxylation|Miz84].  Diemical 
stabilization  has  proved  to  be  more  effective  in  removing  hydroxyl  groups  prior  to 
consolidationtBri90].  The  most  effeciive  chemicals  used  in  surface  dehydration  of  silica 
gels  are  ClSifCHjlj,  SiCUi  Cli  and  CCU  which  react  with  the  surface  hydroxyl  groups 
into  the  form  of  HCl  and  desorb  from  the  the  gel  body  at  a lemperarure  range  of  40CfC  - 
800°C  when  the  pores  are  still  connecled|Sny661|Hen90a|.  However,  the  use  of  chlorine 
compounds  in  dehydration  can  incorporate  chlorine  ions  in  the  structure  of  the  densified 


gel-siUca  glass.  One  approach  of  dechlorin 
useful  as  discussed  by  Susa  ci  al.(Sus86], 
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Panislly  densified  gels  are  lower  in  refractive  inde*.  chemical  durability,  strength, 
and  modulus  than  those  of  the  fully  densified  gel-silica  glasslBriW].  Further  densificniion 
of  a partially  densified  silica  gel  occurs  between  1000°C  to  nOfTC.  which  transfomis  them 
into  glass,  depending  upon  the  radii  of  the  pores  and  the  surface  aiealHen90a|.  The  silica 
gels  with  small  poms  (radius  ~12A)  can  be  fully  densified  at  a low  lemperature  of  - 
1 150“C.  The  gels  with  larger  pores  reach  full  density  at  higher  densificanon  teinpetatures, 
e.g.  > 1150°C(Hen88][Hen90b|.  Once  the  gel  has  been  densified  and  healed  above  T,.  iis 
structure  and  properties  become  indistinguishable  from  those  of  convendonally  melted 
glass  of  the  same  composidon[Bri85a](Bri8Sb|[Bri8Sc|. 

Mechanisms  involved  in  thennal  siabiiizadon  of  the  silica  gel  have  been  summarized 
by  Hair  from  combined  infrared  and  gravimetric  data.  The  amount  of  the  physically 
adsorbed  water  and  the  silanol  groups  on  the  pore  surface  are  changed  with  increasing 
ienrperanire[Yon58]|Hiii67)-  A summaty  of  these  changes  is  as  follows: 

(a)  Physically  adsorbed  water  is  completely  removed  by  pumping  in  vacuum  at 
room  temperature. 

(b)  Surface  silanol  groups  Stan  lo  condense  and  eliminaie  water  at  about  170°C. 

(c)  Dehydration  is  completely  reveisible  up  to  about  400°C 

(d)  Above  400’C.  the  dehydration  is  not  reversible  and  the  amount  of  chemisorption 
that  can  occur  is  an  inveise  function  of  the  temperature  of  heat  ueaimenL 

(e)  Above  850°C.  no  chemisorption  of  water  can  occur  and  the  surface  is 
hydrophobic. 

(f)  Sinieiing  starts  to  occur  at  900°C  and  the  predominant  mechanism  of  sintering  is 
viscous  flow. 

In  Scherer's  studies,  the  porous  glass  contracts  by  -1%  with  no  change  in  pore 
volume  on  heating  to  5S0°C,  indicating  that  the  sixleinl  density  increnses  by -3%  luihe 
hydroxyls  are  removed  by  condensation  reactions|Sch86|.  There  is  a concurrent  increase 
of -33%  in  the  elastic  modulus.  Following  heating  to  800°C.  the  modulus  is  almost  twice 
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as  large  as  it  was  initiaUy.  Above  '900“C.  the  pores  begin  lo  shrink  by  viscous  sintering 
[Sch86|. 

Blinker  and  Scherer  discuss  the  densification  of  the  silica  gels  extensively[Bri901. 
There  arc  three  mechanisms  involved  in  the  theimal  siabili radon  of  the  silica  gel  hearing  up 
to  - 800“C[Elm83|[Bri90|- 

(a)  Below  1S0“C.  shrinkage  and  weight  loss  are  caused  by  the  descepnon  of  water 
and  alcohol. 

(b)  Between  150"C  and  '523“C  shrinkage  and  weight  loss  are  attributed  primarily 
to  the  removal  of  organksfprincipoUy  weight  loss),  polymerirationfshrinkage 
and  weight  loss),  stmaural  relonarionfshrinkage  only). 

(c)  Heating  to  1100“C,  shrinkage  and  little  weight  loss  are  doe  to  the  concunence  of 
structural  relaxanonfstnicture  approaches  its  equilibrium  configuration), 
continued  condensation  and  viscous  sintering. 

One  of  the  interesting  phenomena  during  the  densification  of  the  silica  gels  is  the 
focmadon  and  vanishing  of  sinmuraJ  defects.  Threefold  silica  rings  and  fourfold  siUca 
lings  are  the  most  ptominent  defects  in  gel-derived  silica  which  are  Raman  active  and  were 
otiginally  proposed  by  Galcencr(Kia84][Bri86].  These  defects  are  considered  extrinsic  to 
the  network  structure  since  they  are  a consequence  of  incomplete  condensadon  during  the 
densification.  The  presence  of  the  strained  threefold  rings  are  confirmed  using 
NMRi6ri88c|.  Results  of  differential  scanning  calorimeuy  also  showed  char  threefold 
rings  are  a product  of  a significantly  endothemtic  reaction  involving  surface  silanol  groups. 

The  concentration  of  the  threefold  rings  reach  a maximum  and  drop  drastically  due 
to  the  structural  relaxation  at  viscous  sintering  temperatures  (>900^C)[Bri88b].  Therefore 
only  porous  silica  gels  have  high  concenirarion  of  threefold  rings  and  most  of  the  threefold 
rings  are  present  in  surface  sites  which  have  direct  access  to  water.  These  thermally 
induced  defects  are  meiastable  and  susceptible  to  opening  up  the  strained  bonds  by 
adsorption  of  water  fiom  the  surrounding  aimosphere[Bri88b|.  Elimination  of  the 


threefold  rings  can  be  achieved  by  adsorbing  water  or  undergoing  funher  viscous  simering. 
Tallani  el  al.  have  also  identified  the  existence  of  ihese  detecis  in  other  high  surface  area 
silica  materials  Including  leached  glasses  and  Cab-0-Sil|Brig6|[TalS6|.  Wallace  and 
Vasconcelos  have  shown  the  variations  of  structural,  skeletal  density  of  the  silica  gels  with 
increasing  densification  temperaiure[Vas89a1|Wal911  The  skeletal  density  of  a silica  gel 
also  increases  to  unexpected  maximum  values  of  2.3-2.4  g/cmifat  - 900“C)  before  it 
reaches  a normal  density  of  a pure  silica  glass.  2.2  g/cm^,  when  the  gel  is  fully  densiRcd 
(at-1150°C).  There  is  a similarity  of  the  variations  of  skeletal  density  and  concentration  of 
threefold  rings  with  tempeiature.  Thus,  the  formation  of  the  strained  threefold  rings  may 
be  one  of  the  contributions  to  the  increase  of  die  skeletal  density  of  the  silica  gels. 

In  differential  thermal  analysisfDTA),  ihere  is  an  exihotherm  before  the  glass 
transition  when  an  acid-catalyzed  silica  gel  is  first  healed.  If  the  sintered  gel  is  cooled  and 
reheated,  only  an  endoihcrm  appeani|Bri90|.  This  indicates  that  a siiuctiiral  relaxation 
(exodiermic  reaction  toward  a more  theimcdynamically  stable  structure)  releases  die  excess 
&ee  energy  of  an  "frozen-in''  open  smiclutE.  and  is  die  other  contribution  lo  an  increase  in 
the  smictutal  density  of  the  gel|BrigSa||BrigSb||Bri85cJ. 

Water  adsorption  on  the  pore  surface  of  as-received  silica  gels  with  a la^e  surface 
area  can  induce  dilation  of  the  subsusle.  It  is  indicated  by  Scherer  that  the  hydro{diiiic 
parous  glass  can  absorb  water  as  a polymer  absorbs  a solvent,  resulting  in  much  greater 
dilation,  i.e.  swelUDg[Sch86|.  West  ei  al.  conducted  an  experiment  which  showed  that  a 
silica  gel  preheated  to  600  °C  and  dehydrated  in  vacuum  at  180°C  appears  to  dilate  the 
structure -3S0  ppm  after  24  houis|Wes90b|.  They  also  use  INDO  theory  to  calculate  the 
change  in  smicture.  Le.  dilation,  of  a fourfold  nng  after  adsotpdon  of  a water  molecule. 
The  results  show  that  there  is  an  anisotropic  expansion  of  the  ring  which  indicates  a 


sUica[Wes90a||Wes90b|. 
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laser  densified  region  of  a porous  silica  gel,  when  low  bulls  density  of  the  silica  gels  and 
low  laser  energy  are  used  in  the  laser densificaiion!Slo901.  As  the  bulk  density  of  the  gels 
Is  much  smaller  than  2-Og/cm’,  part  of  the  laser  energy  is  consumed  and  forms  the 
threefold  silica  rings,  which  are  highly  strained  species  and  will  open  up  by  adsorbing 
water  from  the  atmosphere.  This  reaction,  as  well  as  the  reaction  of  water  adsorption  to  the 
fourfold  rings,  may  cause  some  degree  of  the  swelling.  Thus,  relaxation  of  the  laser 
densified  region  is  observed[Slo901.  In  order  to  prevent  the  foimadon  of  defects,  which 
are  environmentally  unstable,  Chia  ei  al.  have  shown  that  it  is  preferable  to  use  nearly  full 
densified  gels  (with  much  less  surface  area)  as  substrates  for  further  heal  treatments  to 
make  optical  devices[Chl90|. 

There  are  several  models  (hat  describe  the  densificanon  of  a gel  sysiem(Heii90a] 
[Bri9Q|.  Frenkel's  model  describes  the  initial  stage  of  simering.  during  which  there  is 
considerable  neck  growth  but  little  denslfication.  Scherer's  cylindrical  model  describes  the 
iniermediale  stage  of  simering.  As  Ihe  cylindrical  model  densified,  Ihe  cylindera  become 
shoner  and  thicker.  When  the  relative  density  reaches  -0.94,  neighboring  cylinders  touch, 
at  that  point  the  unit  cell  contains  an  isolated  pore,  so  the  remainder  of  the  densificadon  is 
described  by  the  Mackenzie  and  Shutilewonh'smodeKMS  model).  The  closed  pores  of  the 
silica  gets  is  modelled  as  isolated  spherical  voids  in  the  MS  model  which  applies  ideally  to 
the  final  stage  of  sinieiing|Bri90|.  Frenkel  also  proposed  the  ihcoo' 9^  vifFOus  simering. 
which  holds  that  the  eneigy  dissipaied  in  viscous  flow  is  equal  to  Ihe  energy  gained  by  the 
decrease  in  surface  area  during  densiflcation|Sal8S]-  However,  to  predict  the  Ihe  evolution 
of  the  surface  area,  more  realistic  models  are  required  which  take  into  account  Ihe  pore  size 
dismbution  which  is  mote  complicaied[Bri901. 

Vasconcelos  ei  al.  developed  sevoal  topological  models  of  the  sintering  applied  to 
silica  gel  monoliihs.  In  topological  terms,  the  densifleation  process  can  be  divided  into 
ihiee  stages  according  to  the  genus,  which  is  defined  as  the  maximum  number  of  non-self 


reentram  dosed  curves  that  may  be  consmjcied  on  ihe  surface  wichoui  dividing  it  into  wo 
separate  parts|Vas89a||Vas89b|. 

First  Stage;  weld  necks  grow  while  the  genus  remains  constant. 

Second  stage:  the  genus  decreases  to  zem  as  the  pores  become  isolated. 

Third  stage:  the  genus  remains  constant  at  zero  while  the  number  of  pores 

Hench  el  aJ.  showed  that  nitrogen  adsorpdon  isotherm  data  can  be  used  to  obtain 
both  metric  and  tt^logical  parameters.  Topological  models  provide  a means  for 
monitcring  the  changes  in  metric  parameters  such  as  voiutne  faction  of  pores,  average  pore 
diameter,  as  well  as  connective  features  of  the  structure  such  as  genus,  and  the  cooidlnation 
number  of  pores[Hen90a|.  In  conclusion,  them  are  corresponding  models  suitable  for 
analyses  of  silica  gels  with  specific  structuiesfi.e.  a narrow  pore  size  disiiibudtm)  in  the 
early,  middle,  or  final  stage  of  sintehng. 

Comparisons  of  glasses  from  sintering  of  gels  around  Tg  with  the  glasses  melted  at 
high  temperature  from  batch  materials  or  from  gels  are  discussed  by  Brinker  ei  al.  The 
major  dlReience  is  the  thermal  history  which  leads  to  the  differences  in  free  eneigy.  phase 
transfoimadon  rale,  and  crystallization  behavior|Bri90].  Mackenzie  and  Scherer  ei  al. 
summarized  that  the  properties  of  gel-silica  glass  are  similar  to  those  of  commercial  silica 
glasses  after  the  gels  been  healed  ioTg[Mac82||Sch86].  Detailed  comparisons  of 
properties  of  gcl-derived  pure  silica  glasses  with  commercial  silica  glasses  from  mell  am 
discussed  by  Hench  ei  aJ.|Hen88|.  Dense  gel-silica  glasses  possess  merits  of  low  OH 
impurity,  low  total  cadon  impurity,  high  UV  transmission,  low  thermal  expansion 
coeflicient.  and  low  bubbles  and  inclusions. 

The  advantages  of  producing  materials  through  the  sol-gel  processing,  compared 
with  those  irom  meli,  are  described  as  rollows|Mac82|lMac84|[Ue86||Hen88||Hen89|. 


ogeneity  from  raw  materials. 


I pioduce  unique  hotnogen 


(b)l 


suucuues  of  difTeiem  colloidal  oxides. 

<c)  Capabiliiy  of  concrolling  ihe  surfaces  and  inierfsces  of  maierfals  during  die 
earliesi  stages  of  production. 

(d)  Lower  temperature  of  preparation. 

(e)  New  noncrysialline  solids  outside  the  range  of  normal  glass  formation. 

(0  Capability  of  preparing  objects  with  near  net  shapes. 

Other  advantages  are  that  sd-gel  processing  can  produce  exceptionally 


the  alkaline-eanh  silicate  systems  from  gels  which  are  impossible  to  prepare  through  the 
melt[Bti901. 

In  conclusion,  the  driving  force  for  the  dcnsification  of  the  silica  gel  in  each 
processing  step  is  the  reduction  of  solid/liquid  or  solid/vapor  imerfacial  energy  due  to  the 
high  surface  area  of  the  gel.  Prior  to  the  consolidation  toward  dense  glasses,  the  defects  of 
the  silica  gels  form  and  vanish  upon  further  densification  near  Tj.  The  resulting  fully 
densified  glasses  have  ihe  same  structures  of  Ihe  melted  rilica  glasses  but  with  higher 
optical  quality  and  a much  lower  processing  lemperaiure.  Funher,  specially  traaied  wet 
gelsdUtc  those  soaked  in  NHsOH  solution)  or  partially  densified  silica  gels  with  tailored 
stnicturesCike  those  containing  modifying  ions)  have  been  applied  in  various  of  optical 


Optical  applications  of  alkoxide-derived  silica  include  thin  films,  coatings,  optical 
fibers,  and  monotitiisf  Type  V full  density  and  Type  VI  porous  gel-silica  glasses).  Sol-gel 
process  provides  excellent  materials  for  optical  devices.  The  advanutges  include  extremely 


als  from  melted  gels.  Also,  I 


I be  prepared  in 


I by  dipping  i 
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low-loss  of  Type  V gel-silica  glasses,  indes-maiching  wiih  fiber  opil 

Sol-gel  ihin  films,  normally  < 1 (im  in  ihickness.  are  formed 
spinning.  Porous  films  have  been  developed  by  Brinker  and  cowortMS  with  tailored 
features.  Optical  fibers  are  drawn  directly  from  the  viscous  sols  at  room 
iempetature(Bri901.  Hench  et  al  demonsnaied  that  Type  V gel-siUca  glasses  made  through 
sol-gel  processing  have  equal  or  superior  physical  properties  to  Type  I-IV  optical  silicas 
through  traditional  meihodsIHenSSl.  High  performance  of  type  V gel-silicas  include  sheet 
UV  cutoff,  low  optical  absorption  throughout  the  spectrum,  high  homogeneity,  very  few 
defects,  low  strain  birefringence,  and  low  coefficient  of  thermal  expansion.  Further, 
optical  elements  widi  diameter  75  and  100  mm  or  larger  are  also  produced  for  both  Type  V 
and  Type  VI  silicas.  Faciws  in  size  scale-up  are  the  drying  rate,  defects  in  the  as<asi  gel- 
silica  monoliths,  and  the  removal  of  chemisorbed  waier(Heng9|. 

GRlNfGradieni  refiaedve  index)  glasses  used  in  photocopiers  and  FAX  machines 
can  be  made  through  sol-gel  process  taking  advantage  of  the  high  diifusiviiy  of  ions  in  the 
liquid  phase  at  the  gel  point.  A muldcomponeni  monolithic  gel  is  prepared  by  adding  one 
or  more  index-modifying  ions.  Imerdiffusion.  leaching  and  ion-exchange  are  used  to 
create  a GRIN  gel.  Drying  and  sintering  produce  a GRIN  gIass[Yam90][aie90][yain91|. 
Compared  with  MCVDfiDodified  chemical  vapor  deposidonl  methods  used  to  manufacture 
optical  flbersfTak86|,  the  sol-gel  process  is  envisioned  to  be  less  expensive  and  better 
suited  for  optical  glasses  thatdo  not  require  ulcralow  opdcal  losses[Bri901[Kon90). 

There  are  many  poiendal  applicadons  of  Type  VI  porous  gel-silica  reviewed  by 
Hench  etal.  and  King[Hen90b]fKin9I|.  Type  VI  silica  gels  can  be  prepared  in  any  form 
by  near  net  ^ape  casting,  i.e.  without  any  elaborate  polishing  and  grinding,  to  make  lenses 
used  in  bulk  opdes  or  with  a fine  embossed  surface  to  make  Fresnel  lens|Hen89|.  Type  VI 
porous  monoliths  can  also  be  a host  for  many  dopants  with  nonlinear  opdcal  properdes. 
specific  absorpdon  feaniresfwavelength  fillers),  or  dopants  like  organic  dye  molecules  fm 


olid  siaie  gliiss|Dun901|Whj90|.  Etoping 


liuer  maierials.  ud  inorganic  ions  for  s new  sc 
with  organic  dye  molecules  leads  to  tunable  visible  solid  state  lasers,  an  aiiemadve  to 
solurion  dye  lasers.  The  addition  of  cgthcaJly  active  compounds  in  Type  VI  silica  provides 
a medium  for  wide  range  of  new  devices,  called  gel-silica  hybrid  optica]  devices.  There  ore 
numctous  ^tical  applications  such  as  holographic  etemen  is.  dye  lasers,  filters,  scintillation 
detectors,  wavelength  shifters,  solar  concentrators,  transpiration  cooled  windows,  Faraday 
eEfect  glasses  and  laser  written  waveguides[Hen90b||Kin91|.  Prasad  showed  that  the  sol- 
gel  processed  inorganic  and  organically  modified  composites  have  successfully  performed 
as  a nonlinear  optical  element|Pra90|. 

Henchetal.  reviewed  the  processing  of  Type  VI  gei-silica  optics  and  their 
applications.  One  of  the  approaches  to  making  optical  channel  waveguide  is  using  COj 
laser  heating  to  enhance  the  deRSiTicadon  of  the  porous  Type  VI  gel-silica  up  to  full  density 
which  creates  a surface  gradient  index  distribution  in  a confuied  region,  where  the  guiding 
of  the  optical  my  is  allowed[Ram88][Sha89][Sha90|[Hen90b1.  This  study  is  based  on  the 
fact  that  in  gel-silica  glasses,  the  lelmctive  index  is  a function  of  densilication  temperature 
ofType  VI  pure  gei-silica  substrates.  The  higher  the  densiftcation  temperature  and  the 
longer  the  holding  time,  the  greater  the  bulk  density  and  the  refractive  index.  Full 
densilication  occurs  around  1150“C  where  the  reftactive  index  reaches  1.465[Hen90b). 

Channel  i^tical  waveguides  have  been  fabricated  in  glass  by  using  Argon  or  COj 
laser  since  1974|Pav74]|ae76](YamS5|.  GRIN  micro-optical  devices,  i.e.  tnicrolenses, 
can  be  created  by  focusing  CO2  laser  and  healing  the  surface  of  the  gel-silica  substrate  or 
the  porous  silicate  glass  in  a confined  region  S 1 mmmdiameier[Chi92a][Vei90)[Vei911. 
Locally  heating  the  gel-silica  monoliihs  using  a CO2  laser  is  quire  promising  because  of  the 
lure  of  direct-writing  optical  elements  on  the  surface  of  Type  VI  substrates.  For  micro- 
optical  or  integrated  optical  applications,  the  formation  of  geomeoical  structures  is  an 
imponanl  feature|Sch90|.  For  example,  laser-wntten  optical  devices  that  can  be  fabricated 
on  Type  VI  gel-silica  substrates  are  negative  tnicrolenses,  GRIN  mictolenses,  and  geodesic 
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mi(Toleitsesoriheirartays|Chi92b|.  The  GRIN  depihofthe  lens  is  approximately  150 
pm,  the  index  change  is -0.09  depending  on  the  laser  processing  parameters  and  the  ininol 
bulk  densities  of  the  Type  VI  gel-silica  glasses.  Other  laser  healing  applications  art 
discussed  by  Zelinsid  et  al.  They  show  that  heating  sol-gel  coatings  with  a laser  to  densify 
selected  regions  is  a relatively  unexplored  area  that  offers  potential  for  applications  in  many 
rields|Fab90||Zel91|. 

One  of  the  greatest  advantages  of  laser  assisted  densificadon  is  introducing  the 
GRIN  region  in  a Type  VI C gei-silica  substrate  within  seconds  compared  to  hours  for 
GRIN  gel  from  soaking  and  - months  for  GRIN  glass  from  convenuonal  ion-exchange 
meihods(Chi90|lBii90).  The  other  attraedve  feature  is  that  laser  densificadon  of  Type  VI 
gel-silica  glass  converts  the  laser  irradiated  area  to  Type  V full  density  silica  with  an 
absorption  loss  that  is  extremely  low  (-  0)  at  wavelengths  ranging  from  1 SO  to  3500  nm. 
The  resulting  full  densification  of  the  silica  gels  matches  the  lefracdve  index  of  sUica-based 
optical  fibers,  providing  low  loss  for  coupling|Hen88j|Kin91|. 


Laser  damage  of  glasses  was  investigated  as  early  as  1963|Cul64|  |Dav68|.  In  the 
1970s,  snidies  were  carried  out  on  laser  drilling,  laser  welding  of  special  materials. 


piocessing  of  integrated  circuits.  From  the  late  1970's  to  the  early  1980’s,  high  power 
CO2  laser  and  YAC  lasers  were  developed.  This  led  to  progress  in  research  in  thermal 
treatments  of  materials.  The  CO2  laser  is  used  for  cutting,  welding,  structuring,  and 
surface  treatmem|Bef90|.  Todate.  CO2  laser  processing  has  entered  into  the  production 
and  practical  stage[Lei9l|. 


scribing  of  silicon  wafers,  grooving  of  c 
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Lasers  are  high  lechnology  loois  for  loeaily  modifying  the  surface  prr^rties.  for 
example,  hardnessorrtfracnve  index  of  the  material.  The  1/e  penetrarion  depth  of  the  CO2 
laser  in  the  silica  glass  is  estimated  to  be  1 .5iim.  Therefore,  laser  processing  is  more 
effecrivc  for  treatment  0/ thin  surface  layers(Mor901.  The  surface  of  the  material  absorbs 
the  IR  ray  and  induces  direct  lattice  phonon  excitation;  the  heat  is  generated  within  the 
irradiaied  region  as  a result  of  the  exciiadon.  'Dtere  are  two  types  of  laser  processing  in 
materials,  direct  headng  and  indirect  headng,  according  to  different  mechanisms.  In  direct 
heating,  the  target  is  the  sample  which  absorbs  the  laser  energy  eiltcientJy  and  the  energy  is 
subsequently  transformed  into  heat.  In  indirect  headng,  the  laser  heau  the  support 
material,  such  as  a coeiing,  which  is  indmately  attached  with  the  sample.  The  transformed 
heat  within  the  support  maierial  is  conducted  into  the  sample  10  achieve  the  densiftcadon. 
Regardless  of  ihe  type  of  laser  processing,  both  the  headng  rateand  cooling  rale  are 
extremely  fast,  up  to  an  order  of -10*  °K/sec  depending  on  the  input  power  density  and  the 
piopeides  of  the  materials. 

Laser  processing  offers  potential  for  development  of  a fully  adaptive  processing 
lechnology.  Early  work  of  laser  direct  writing  was  reported  in  1982.  To  date  direct  laser 
wridng  is  one  of  the  most  likely  technologies  to  achieve  the  nexi-genefanon  circuit  and 
device  fabncation|Uu891.  Direct  CO2  laser  writing  provides  a fast  and  dean  processing 
method,  as  compared  toother  techniques,  and  is  suitable  for  compuicr-aided  auiomadon. 
Rir  example,  the  laser/roboi  first  used  to  weld  sheet  meliU  ih  1974[Bel90|.  can  be 
expanded  in  the  fabrication  of  opdcal  devices  in  the  future.  Liu  indicated  the  process 
considerations  in  laser  direct  writing  are  <1 ) resoluiion(beam  spot  size),  (2)  writiiig  speed, 
(3)  cesistivity(impuriTy).  (4)  moiphologyfnonunifbim  heating),  and  <S)  adhesion 
(imerfaces)[Uu89].  Bergmannel  ol.  indicated  that  there  are  several  facrots  that  apply  to 
laser  surface  trearmenis|Bei90|Moi90|: 

(a)  a conlacl-free  local  treatment. 

(b)  a high  degree  of  auiomadon. 
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(c>  a good  reproducibility  of  the  process, 

(d)  a feasible  aliemanve  or  addition  to  eusting  techniques. 

The  direct  laser  umting  on  type  V!  silica  gels  can  induce  an  increase  in  surface- 
reftactive  index(Oii92b].  Three  dimensional  freedom  of  the  fabrication,  estremely 
accurate  positioning  (tiiicron-sized  accuracy)  and  any  pattern  of  optical  devices  on  the  glass 
substrates  can  be  achieved,  i.e.  geodesic  lens,  planar  QRIN  lens,  channel  waveguides  and 
arrays.  The  depth,  size,  conftguiation  can  also  be  accurately  controlled. 

Other  aJtemanves  to  create  a surface-refractive  index  change  is  to  initiate  a photo- 
induced  surface  reaction,  doping,  thermal  deposition,  or  chemical  vapre 
deposition|Sop78]|PauS4|  [Sla89|[Chu89|  by  irradiating  the  silica  substrate  under  cenaln 


Optical  methods  for  information  processing  have  been  snidied  since  1953[Mag89). 
After  the  laser  was  invented  around  1960,  many  applications  of  laser  technology  in  optical 
ctHiimunications  (long-haul  systems)  and  optical  signal  processing  (local  area  networks) 
become  practical  and  progress  occurred  iapldly|Mil69|.  Development  of  the  semiconductor 
laser  In  1964,  and  the  proposal  of  Kao  and  Hockham  in  1967  to  use  glass  fibers  for 
guidance  operating  at,  for  example,  1300  nm  or  1330  nm  were  of  special 
impcutance|Gar89J.  The  invention  of  the  transistor  and  integrated  circuits  played  the  same 

Chen  indicated  that  opiicai  data  transirtission  systems  offer  the  potential  of  operating 
at  extremely  high  data  rates  with  low  powere|CSie87|.  Data  rate,  sometimes  referred  to  as 
bit  rate,  is  the  number  of  bits  processed  in  a given  period  of  time.  Each  bit  contains 


: the  un-irradiaied  substrate  remains  the  same  because  of  its  chemical 


stability. 


2.3  Microlenses 


information  which  can  be  formatted  to  represent  uitelUgence(Gra88].  The  frequency  of  the 
optical  carrier  is  on  the  order  of  lO*  GHz,  as  compared  to  electronic  signal  processing  with 
fundamental  speed  limitation  at  1 GHz  for  silicon  integrated  circuitslCheS?].  This  is  one 
of  the  attractive  features  of  using  c^tical  signal  processing. 

Garrett  discussed  that  optical  signal  processing  covers  a wide  variety  of  operations 
on  both  analog  and  digital  signals,  often  operating  on  two-dimentional  inputs,  or  in  guided* 
wave  optical  iechnology|Gar89|.  Typical  of  these  two-dimensional  processing  techniques 
is  in  the  applications  of  image  processing,  pattern  recognitian,  and  robotic  vision.  A theme 
that  has  emerged  in  the  last  few  years  is  the  data  rate  '■transparent  link’'(optical  data  or 
signal  processing  connecied  with  fiber  communication),  where  electronics  systems  cannot 
really  compete.  Optical  switching  in  particular  allows  the  transparent  link  concept  to  be 
enlarged  to  "transparent  networks." 

More  complicated  applicaiions  of  optical  information  processing  ate  optical  logic 
and  optical  compiriing.  It  is  realized  that  optics  offers  Ihe  possibility  of  highly  parallel 
image  processing.  The  degree  of  parallelism  is  reflected  in  the  resolvable  points,  which, 
wUhgoodlenses,  may  beof  iheorderof  nmillion(Gar89].  Feiielson  reviewed  thai  the 
advantages  of  using  optical  computing  are:  speed,  low  cost,  compact  size,  direct  image 
processing,  immunity  to  electromagnetic  inlerfeiencelEM!).  and  massive  parallelism  and 
eOTnectivity[Fei88|. 

The  advent  of  the  inexpensive,  reliable  laser  source  and  high  performance  fiber- 
optic material  were  the  driving  forces  for  the  improvemems  in  optical  Infnmation 
processing  which  involved  wide  applications.  For  applications  involving  transparent  links, 
optical  computing,  integrated  optics  or  other  optical  miao-imaging  systems,  individual 
devices,  like  microlenses,  still  require  extensive  development,  both  in  the  materials  and  in 
Ihe  fabrication  technology,  lo  be  used  widely. 


Micro-optical  components,  like  microlenses,  are  devd^ed  to  fulfill  ihe  needs  of 
manipularing  an  optical  beam  in  various  optical  applications.  Major  functions  of 
microlenses  are  imaging,  focusing  or  nansmittinf  ihe  optical  information.  Microlenses  are 
categoriaed  inio  two  types  according  to  Uieii  inherent  features,  which  are  diffractive 
miciolenses  and  refractive  imcrolenses. 

Dilfracdve  microlenses  have  been  developed  in  the  past  seventi  years.  The  intensity 
of  the  focused  optical  tay  is  enhanced  by  the  coherent  effeci[Hec74],  The  action  of 
diffractive  imcrolenses  is  based  on  near  field  diffraction  at  a Fresnel  zone  plate.  A 
intensified  focused  spot,  produced  by  mutual  coherence  of  the  laser,  with  91%  difftacdon 
efficiency  has  been  madetJah90], 

The  importance  of  using  diffractive  microlenses  for  collimating  is  that  one  and  two- 
dimensional  laser  arrays  have  typically  large  beam  dive^ence  up  to  a few  teas  of 
degrees[DlaS7|. 

Applications  of  dilftsctive  microlenses  and  arrays  include  improving  the  coupling 
efficiency  inio  fibers  for  optical  communication  system,  along  with  multiple  imaging  and 
illumination  ofanays  of  optical  or  opio-elecironic  devices  in  digital  opiic$[Sti91!. 

The  present  techniques  used  in  fabricating  diffractive  microlenses  are  UV 
lithography  [TaiSh),  electron  beam  lithography(Shi87],  laser  beam  liihograi*y[Hat901. 
iniegraied  circuit  iechniques|Leg88j  and  thin  film  deposiiion[Jah901. 

The  advantages  of  diffractive  microlenses  are  the  capabilities  of  mass  productitxi. 
high  reproducibility,  ease  of  fabrication,  use  at  IR  range|Swa831.  and  varieties  of  design. 
The  disadvantages  of  fabricating  diffractive  microlenses  are  st^hiscicaled  and  sensitive 
processing  steps  required,  and  their  restricied  use  with  monochromatic-sources. 

Refractive  microlenses  have  the  capability  of  focusing  llghi  either  due  to  a gradient- 
index  effect  |Oik81](Oik82!|Oik82||lga82a;|Oik84!|Vei9l|  ora  geometric  cffectrC0h74| 


|Bor88||Pop88|.  According  to  (h«ir  functions,  refraciiv 


i me  divided  into 


GRIN  fiber  lens.  GRIN  rod  lens,  shaped  lenses,  aspherical  microlenses.  GRIN  sphere 
lenslKoi86].  GRIN  objecdve  lens . GRIN  planar  miciolens  and  leodesic  microlenses. 

In  earlier  days,  a gas  lens  was  proposed  to  transmit  the  optical  ray  for  a long 
distance  with  low  losslBer64al[Ber64bl|Bec6ila||Bec64b|.  Losses  by  scattering  and 
absorption  in  solid  transmission  were  ctxisidered  too  large  lo  be  used  in  laser 
communications.  The  focusing  or  defocusing  capability  of  a gas  lens  is  attained  by  the 
radial  index  gradient  aeaied  fiom  the  temperaiuiE  disiribudon  inside  a CO2  gas  tube. 
However,  a gas  lens  has  a large  instrumental  setup,  a long  focal  length,  a large  size  of 
focused  spot  and  is  unable  10  be  bent  10  a small  curvanire  which  greatly  limited 
applications. 

Later  on.  a practical  solid-state  lenslike  medium  was  prepared  by  using  ion- 
exchange  on  a glass  medium  and  is  named  as  SELFOC^UchTO],  The  SELFOC*  optical 
glass  fiber  with  a diameter  of -4.3  mm  can  be  used  as  a needle  scqie,  fiber  scope,  fly's  eye 
lens,  or  multiplex  transmission  lineinacopy  machine,  for  medical  application,  barcode 
scanning,  or  optical  communication.  optioaJ  signal  processing|Llch69KUch70|[MmS0| 
|Kaw80][Car9I|.  Delailed  optical  properties  of  GRIN  fiber  lens  arrays,  as  a function  of 
fiberlength.  were  discussed  by  Lama[Lam82|.  The  use  of  a Ciadient-index  (GRIN)  fiber 

tesoluticui  over  the  entire  image  area.  The  distulvanlages  of  GRIN  fiber  arrays  are  that 
there  is  no  variable  magnification  and  Ihey  limited  in  the  use  of  slit  exposure[Kaw80j. 

GRIN  rod  lenses  have  been  used  as  optical  focusing  and  coupling  olemenisin 
optical  communication  or  in  etccno-optic  systems  such  as  ccqiy  mBchines[Mat80||Kaw80] 
(Ree84|,  facsimile  machines[Toy83|(Shi87],  diode  laser  arrays[Lia88|[Ua89],  optical  disk 
pickup  sysiemslMjy80]lDai8d|,  and  opdcal  fiber  communication  sysiemslTom80| 
lSar80]Pga82a||Acc901.  The  techniques  used  in  fabricating  GRIN  rod  lens  are  ion- 
exchange[Pe369]lKin90o).  iwo-siep  copolymeilzation  [Oht74|,  sol-gel  process[Che90| 
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|Kon90|[Yairi861|Shi90bl|Yam90||Yain9ll.  The  ion-exchange  lechnique  has  problems  of 
chromatic  aberration  INisSO]  and  ihe  abenanons  due  lo  deviations  from  a parabolic-index 
dis(ribuiion.|Yain80|.  Effons  have  been  made  lo  reduce  or  chaiaeierize  ihe  aberratioi  of 
the  GRIN  rod  lenses  bui  ihe  problems  are  as  yet  unsolved|Miyg0!|Gre80||Yam821. 

Allan  son  ei  al.  desipieda  GRIN  camera  objective  lens  with  a focal  length  of  SOmm 
and  pluralities  ofihe  lens  for  correcting  Ihe  lens  abeiraiions.for  example,  astigmatism. 

The  GRIN  phoiographic  objective  design  performs  comparably  lo  a siandard  homogeneous 
system  but  reduces  the  required  number  of  elements  from  six  to  two.  This  study  indicated 
that  maierials  wiiharefractiveindexof  1.8and  Anof0.12  were  useful  in  fabricating 
designs  of  this  type  of  the  objective  lens[Atkg2j.  GRIN  elements  have  also  been  shown 
useful  in  the  design  of  a wide-angle  phoiographic  objective.  Atkinson  ei  aJ.  designed  a 
three-element  with  two  anal  gradients  of  a wide-angle  photographic  objective  which  has  a 
sirriilar  imaging  performance  to  a six-element  homogeneous  wide-angle  design[Aik84|. 
Other  similar  GRIN  elements  designs  had  been  used  in  a lens  system  for  disc  format 
camens|Cal86bJ.  binocular  objectives|Cal86a]|Kin88|.  and  a compact  disk  systems 
[Nis86|.  Planar  GRIN  miciolens  arrays  can  be  made  by  dilTusion|Oikg2||Iga82b||Mjs84| 
|Oik84j.  ion-exchange[>lam90aj,  laser  densification|Vei901  |Vei91|[Chi92a|[Chi92b|  or 
deep  electromigration  through  a mask|Oik8lj[Oik82].  Diffusion  or  eleciroinigration  may 
create  a large  refractive  index  change(-0.27)  and  a deep  diffusion  depih(-few  millitneiets). 
However,  long  processing  times  cause  inevitable  problems  in  achieving  reliability  and 
reproducibility.  Cluster  foiraation  inside  Ihe  glass  after  a period  of  rime  makes  h difficult  to 
maintain  stability. 

In  contrast,  laser  densificadon  of  the  porous  glass  provides  an  efficient  and  high 
producticei  rate  for  the  fabrication  of  the  planar  GRIN  nticrolenses.  From  feedback  data  of 
Ihe  processing,  like  temperature,  refractive  index,  and  the  radius  of  curvature,  this 
fabrication  method  has  bectane  more  accurate  and  reproducible[Vei90|.  Exposure  time  for 
the  CO2  laser  to  make  a nticrolens  is  very  short.  - I second,  which  prevents  contamination 


or  process-iensiiive  problems.  Anoiheradvama|es  of  laser  densificoson  is  ihe  possibiliiy 
of  obtaining  aspherical  elemenulVei90|,  negative  microiens.  multimode  channel  waveguide 
and  waveguide  microlens(Chi92b]. 

Hemispherical  microlenses  and  arrays  can  be  made  ihrou^  many  lechitiques  like 
coating,  mass  transport.  1C  processing,  ion-enchange.  photolytic  technique,  ion  or  laser 
beam  radiation  in  InP.CaP,  plastic  or  glass|Cdh74]|Wad81||Pop88](Bor8B|[Ua8g| 
[Lia891[Oik90|lFra91)[Bar91|.  High  quality  mictolenses  and  arrays  have  been  made  by 
using  a photolytic  method|Bor88].  The  difliculis  of  using  any  mass  transport  method  is 
the  spreading  of  the  profile  of  the  hemispherical  lens  during  the  heat  treatment. 

The  ideaof  a geodesic  lens  was  introduced  by  Rinehart  in  1948,  and  the  theory  was 
developed  extensively  by  Kuna  in  1 954(Mer83].  A geodesic  lens  with  a depressed 

waveguide  !ens|Rig73|[Clie78)(Mer83||Ham9Qb|.  Sochacki  described  a uniform 
mathematics  of  perfectly  imaging  geodesic  lcnses|Soc36].  Ishikawaeial..  also  analyzed 
the  focusing  chatacierisdcs  of  waveguide  lensesfincluding  geodesic  microiens)  using  the 
beam  propagation  meihod|lsh90J.  Sbimanoeial..discussed  the  design  for  geodesic  lenses 
where  the  curvature  of  the  lens  shape  is  restricted  within  an  upper  limit  to  prevent  the  light 
leaking  from  the  waveguide|Shi90a|.  Up  to  date,  fabrication  of  geodesic  lenses  involves 
ultrasonic  grinding  on  a glass  substrate  with  a polyurethane  waveguitle.  However,  the 
depth  of  the  lens  can  not  be  accurately  controlled  by  using  this  method(Che77j[Hani90b|. 
Laser  headngcan  produce  a precise  and  contiobable  depressed  region  in  a glass  substrate 
which  is  much  better  than  the  present  technique  which  uses  local  polishing[Chi92b]. 

Gradient  index  elements  are  more  powerful  than  the  use  of  aspheric  surfaces  since 
the  GRIN  lens  can  be  used  to  cccrect  chromadc  as  well  as  monochromatic  aberrations 
|Ailc82|.  Monochiomadcally.  the  functions  of  a GRIN  lens  are  similar  to  the  aspherical 
lens.  Polychromaiically,  a GRIN  lens  offer  sigtiiricani  benefits  over  aspheres|Car9l|. 
Forer  discussed  that  the  use  of  gradient-index  elements  in  an  optical  design  provides 


addidonal  degrees  of  freedom  for  ihe  cortecuon  of  aberrations.  The  perfomiance  of  a 
many-elemeni  homogeneous  system  can  be  matched  vtdih  a system  consisting  of  a reduced 
mtinber  of  gradiem-itide*  components.  Hi^  performance  has  been  achieved  with  a three- 
element  system  using  two  axiaJ  gradients  of  an  eyepiece  design|ForS3].  Tomlinson  found 
that  GRIN  micToknses  have  superiorities  over  cwiventional  bulk  optical  elements.  Fee- 
example,  a GRIN  rod  lenses  have  significantiy  smallerabeiraiions  than  equivalent  single- 
element homogeneous  lenses[Tom80|. 

Table  2.1  lists  an  extensive  caiegorizadon  of  materials,  fabrication  methods, 
physical  dimensions,  and  the  catresponding  opdeal  properties  of  micro-optical  lenses. 
Techniques  used  In  fahricating  refractive  microlenses  are  ton  exchange  in  glass  [Oik32] 
|Coug2USam90|lKin9b0|[Hau90|.  phoiolytic  method  on  phoiosensidve  glass[Bor88!, 
copolymeriaadon  on  polymersubsirate|KoiS81,  mass  transport  in  inP  subsliBte(Lia881 
|Lia89),  deep  UV  hardening  on  quartz  wafers[Pop88|,  thin  film  deposition  on  glass 
fiber|Coh74].  laser  densification  in  porous  glass  subsitaie[Chi92a||Vei91|,  ion  beam 
etching  on  a n-InP  substrale[Wad8 1 1.  deep  electiomigration  in  glass  subslrate|Oik81J 
[Oik82||Oik821|Iga82b|. 

In  all  such  subsaate-deTined  mioo-optical  componems.  the  opdcaJ  characteristics  of 
the  substrate  material  am  important  to  the  quaUcy  of  the  components  to  be  formed.  Future 
appbeanons  of  hi^  quality  ima^ng  micro-optics  will  need  broad-band  coverage  such  as 
over  the  visible  band  of  wavelengths(Car91).  According  to  these  requirements,  pure  silica 
is  Ihe  most  preferrable  candidate  for  the  substrate  material,  which  is  substamiaUy  free  of 
organic  or  ino^anic  impurities,  with  wide  band  transmission,  and  index  matching  with 
fiber  optics.  Requirements  of  the  fabrication  of  miaolense.s  are  accuracy,  leiiability, 
repioducibibty.  mass-producibiliry,  smaiJer  focused  spot.  appUcable  focal  length,  larger 
numerical  apeiture  |Yam83|[Asa86|  and  excellent  perfoimance  in  imaging.  Acceptable 
performance  and  opeiating  conditions  are  the  primaty  factors  for  choice  of  the  individual 
device  for  a particular  optical  application. 
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I summary,  glass  is  the  preferred  i 


i for  the  fabrication  of  the  microle 


Refracdve  mictDlenses  arc  more  useful  than  diffracdve  microlenscs  because  of  their 
broadband  features,  better  performance  and  more  mature  processing  techniques.  With 
afotementioned  comparisons,  geodesic  microlenscs  and  GRIN  optical  microlenses  are  the 
more  powerful  among  the  refractive  miciolenses.  However,  current  techniques  in 
fabricating  geodesic  microlenses  and  GRIN  miciolenses  involve  sophisdeated  and  sensidve 
processing  steps  and  have  problems  such  as  unexpected  lens  siae  and  lens 
pTome(ft^88|lUa88],  and  index  inhomogeneity.  etc.[Oik&4|, 


When  a optical  ray  is  incident  on  a medium  with  a different  lefracnve  index  it  is 
reflected  and  le&acied.  Figuie  2.2  illustrates  (he  light  trajccioiy  , a deflecdve  dashed 
line,  in  a GRIN  medium.  The  icftactive  index  profile  shown  in  (he  ri^l  side  of  the  figure 
is  exaggerated  to  depict  the  refractive  mechanism  at  (he  boundaries  with  a changing 
re^dve  index  of  the  GRIN  medium.  The  ray  trajectory  is  forced  to  deflect  toward  (he 
region  with  higher  refractive  index  because  the  light  is  preferably  traversed  in  a route  with 
the  smallest  optical  path  lenglh[Hec7a]. 

The  behavior  of  a ray  propagating  through  a GRIN  medium  can  be  described  by 
using  ray  Uieory[Gdm861[Mis88][Zhu88)fDor90).  Opocai  parameters  like  focal  length 
(FL)  and  the  numerical  aperture  (NA)  ofa  planar  GRIN  microlens  can  be  derived  using  the 
ray  theory.  The  following  descriptions  are  derivations  of  these  optical  parameters  from  the 
ray  theory  of  a GRIN  planar  microlens  developed  by  Iga,  ei  al.[Ign84], 

The  geometry  of  the  planar  microlens  is  shown  in  Figure  2.3.  It  is  assumed  that  the 
substrate  is  thick  and  the  ray  is  focused  inside  the  substrate.  The  ray  is  deflected  within  the 
GRIN  region  I andemerges  in  the  medium  with  uniform-index  region  11.  The  three- 
dimensional  distribution  of  (he  rehactive  index  of  this  microlens  is  formu  fated  as 


Figure  2.2  'Rir.  lighiray  trejecioiy  in  a GRIN  medium.  Afler[lga84|. 
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Figure  2.3  Ray  uajecuny  in  a three  dimension  D1  medium,  a planar 
microlens.  Region  1 is  an  index  disinbuied  region  and  II  a 
uniform  one.  after  |Igo84|. 


:{r.i)  = n2(0,0)[R(r)-i-Z(i)l 


R(r)  = l-(gr)J 


<2.5) 


-V2o(gz)* 


(2-6) 


where  n is  the  refracdve  inden,  r is  ihe  radial  distance  of  the  DI  region  I.  and  z is  the 
distance  along  the  direction  of  Ihe  depth  of  the  medium,  g is  a focusing  constant 
iepre.senting  gradient  index,  is  the  parameter  of  the  index  disDibudan  with  higher 
order.  The  ray  equation  is  simplified  in  this  case  and  described  as  follows. 


The  optical  ray  is  incident  to  the  planar  microlens  at  (r^yO)  and  parallel  lo  the  z axis.  1 is 
defined  as  the  focusing  length.  When  r^  is  close  to  0. 1 is  equal  to  Ig  which  is  ihe  focal 
length  f.  The  focusing  length  I at  the  output  posidon  (r,,z,)  of  the  DI  region  I can  be 
expressed  as 

V[Z(z,)^R(rg)| 

' ‘iN[R(r|)-R(rg)] 

where  rand  z sadsfy  the  following  conditions 


(2.7) 


(2.8) 


JlV|R(r)-R(gil-'dr=  Ji'/lZUKWgj)-' 


(2.10) 


n^  = n2(0)(R(r,)-f2(j,)) 


(2.11) 


For  a panxial  ray.  Tq  is  approximaiely  equal  lo  0.  The  focusing  length  Ig  can  be  obtained 
by  substituting  equations  (2.4.2)  and  (2.4.3)  into  equation  (2.4.6). 


(2.12) 


where  A = |n(0)-n2l^<0),  and  d is  the  depth  of  the  D1  region  ! at  r^O.  The  numerical 
apemire  (NA)  is  defined  as 

NA  = 0.2njV2A  (2.13) 

The  predicted  dau  of  the  1^  and  NA  (mm  these  formulae  are  in  good  agreement  with  the 
experimental  daia(Iga84|. 


2.3.4  Geometry  of  Waveauide  Geodesic  Microlenses 

A geodesic  lens  is  situated  in  the  plane  of  a waveguide  and  is  used  for  redirecting 
and  focusing  the  lightwave  confined  along  the  iwaveguide.  Atypical  geodesic  lens  is 
illustrated  in  Figure  24.  The  optical  ray  is  conducted  along  the  wavegukle(wtih  -I  % 
higher  refracdve  index  than  of  the  substrate)  on  the  surface  of  the  substrate  and  then 
focused  by  a geodesic  lens.  The  optical  ray  is  transmitted  along  the  depressed  region  and 
emerges  in  the  other  side  of  the  waveguide  toward  the  focal  poinc 
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/iew  of  3 typical  geodesic  I 


1 by  usuming  ihai  the  thickness  i 


the  waveguide  is  negligible.  In  Figure  2.4.  a Is  the  diameter  of  the  depressed  region,  d is 
the  depth  of  the  depression.  Considering  only  the  surface  shape,  the  focal  length  of  the 
geodesic  lens  can  be  determined  using  the  foTTnulabelow[MerS3)[Ham90b1: 


2(l-Cos0)  4(l-Cos9) 


<2.15) 


where  R is  the  radius  of  the  curvature  of  the  spherical  surface  and  26  is  the  vertex  angle 
subtended  by  the  arc  of  the  depression. 

The  geodesic  lens  has  spherical  abemtian  caused  by  the  spherical  depression. 

aberraiions(Htim90b|.  Modifications  of  the  focal  length  of  a geodesic  lens  due  to  the 
aspheridty  is  discussed  by  Mergerian  et  al.[Mer83]. 


2.3.5  Applications  of  Microlettses 

Microlenses  can  be  used  in  (allntegreted  Optics.  (b)Micro-opiics.  and  (c)Slacked 
Planar  Opdes.  Some  examples  of  the  applications  of  microlenses  in  these  fields  are 
described  schemadcaily  as  follows. 

(a)lolegialed  Optics 

An  integrated  microiens  is  located  in  the  plane  of  waveguide  and  used  for 
redirecting  and  focusing  the  lightwave  confined  along  the  waveguide.  The  manipulation  of 
the  optical  ay  is  achieved  by  the  geometry,  diffraction,  or  GRIN  effect  of  these  lenses. 
Imegraied  optical  microlenses  include  (a)shaped  bump  lens,  (b)Luneburglens.  (c)geodesic 
lens,  (d)gradng  lensfFresnel  lens),  (e)embedded-shape  lens,  and  (f)recessed-shape  lens  as 
shown  in  Figure  2.5[Fel88|lCat91)-  Numerous  techniques  for  lens  fabrication  have  been 
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rigUfc2J  Integroud  optical  miccoienses.  after  (FeiS3|  and  (Cbi9]]. 
(a)  Flat  bump  with  microlcns 

(c)  Geodesic  microleos 

(d)  Grating  mtcroleas 

(e)  Embedded  shaped  microtena 

(f)  Reeessed-diapM  microlens 


lechniques|Hul87|. 


Jlflnciion  I 


One  application  of  ihe  iniegrated  lens  in  a radio-frequencylRF)  spectrum  analyzer  is 
shown  inFi|ure  2.6[Hui87|.  This  device  consists  of  a hybrid  package  that  includes  a bun- 
coupled  laser  diode,  a waveguide  on  substrate,  two  waveguide  lenses,  a surface  acoustic 
wave  transducer  array,  and  a bun-coupled  linear  photodiode  array.  A light  bears  is 
spatially  modulated  by  the  input  RF  signal,  using  acousto-optic  or  electro-optic  techniques. 
The  modulated  beam  is  then  collimated  and  focused  by  the  waveguide  lenses  on  a detector 
arraylFeiSSl.  Other  related  applications  include.acousto-optic  correlator,  signal  sampling, 
analog-to-digital  conversion  and  dual  channel  acousto-optic  processor{Hui87]. 

(blMicio-optics 

In  miao-optics.  the  major  functions  of  the  microlenses  are  focusing . iriisging,  or 
uansmitting  optical  rays.  For  instance,  microlenses  are  used  to  improve  the  coupling 
efTtciency  or  focusing  ability,  potentially  used  in  opto-electronics  and  in  optical  computing 
sysiems|Jah89|[Jah901,  or  providing  the  interconnections  of  a VLSKVeiy  Large  Scale 
Integrated  Circuit)  system.  The  optical  ray  is  incident  on  the  lens  perpendicularly  and  is 
focused  in  the  other  side  of  the  lens.  Six  types  of  the  micro-opncal  lens  used  in  micro- 
optics  are  depicted  in  Figure  2.7.  They  are  (a)GRlN  fiber  microlens.  (b)GRIN  tod 
microlens,  <c)GRlN  geometric  microlens,  (d)geomeiric  miCTOlens.  (c)CRIN  planar 
microlens,  and  (f)diffTactive  tnicrolens.  The  microlenses  are  distinguished  by  the  optical 
functions  of  the  lenses,  i.e.  the  focusing  ability  of  the  lens  is  achieved  by  either  diffraction, 
refiaction  or  surface  curvature. 

FeiicUon  discussed  the  feasibility  of  creating  a digital  optical  compuier(Fei88|. 
Cylindrical  lenses  and  lens  arrays  are  important  elements  in  an  optical  computer  to  provide 
the  multiple  imaging  which  is  widely  applied  to  matrix-vector  multiplication,  optical 


I processing.  etc.|Ham90b|.  One  example  of  t 
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Figuie2.6  A ra^o-Frequency  speccrum  analyzer,  after  |Hui87|. 
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microlcns  array  used  in  an  optical  computer  is  illusiraied  in  Figure  2.8.  It  shows  a simpler 
way  to  implemem  a discrete  space-variant  linear  transfomi  with  a lens  airay.  The  input  f is 
ai  the  left-hand  side.  A set  of  detectors  is  at  the  ri^i-hand  side.  An  array  of  NMenses 
creates  distinct  images  of  the  input  on  each  detector.  A mask  is  placed  between  the  lens 
army  and  the  detector  array,  modifying  the  light  distiibudon  falling  on  the  detectors.  At  the 
moment  only  prototypes  of  the  basic  elements  of  an  opdeal  computer  exists.  The  quest  for 
materials  and  technologies  is  far  from  over[Fei88|.  Develcpment  of  a high  speed  digiial 
opdeal  processor  will  depend  on  small  devices  interconnected  by  mlcro-opdc  systems, 
i.e.smaJI  array  size  of  the  lensleis.  Thus.the  iricro-opdc  system  will  be  achieved  only 
through  nonttaditional  manufacturing  icchniques|iew90|. 


(c)Stacked  Planar  Optics 

Besides  one  single  mlctolens.  a two-dimentional  planar  microlens  array  can  be  used 
in  laser  output  collimation  for  a two  dimensional  diode  laser  array  (opto-elecuonics).  The 
features  of  this  planar  microlens  array  are  demonstrated  in  Figure  2.9.  A two-dimensional 
planar  microlens  array  is  designated  on  the  planar  surface  of  the  substrate.  A GRIN  region 
located  under  the  surface  can  focus  the  opdeal  ray. 

Another  application  of  the  microiens  array  is  stacking  of  the  planar  microlens  arrays 
which  provides  an  interconnection  between  fibers,  as  illustrated  in  Figure  2.10,  discussed 
by  Iga  et.  al[lga82b|.  This  design  is  used  to  overcome  difTicultics  like  optical  alignment 
and  fabrication.  Two-dimentional  arrayed  optical  componenw,  such  as  microleases,  filters, 
minors,  and  detectors,  can  be  stacked  together  to  construct  funcdaial  optical 
componerus[Iga841. 

A negative  microlens  arrays  is  proposed  to  be  stacked  together  with  the  focusing 
microlense.s  array,  the  same  as  in  Figure  2. 10,  to  provide  more  possibilities  for 
manipulating  the  optical  beam|Chi92b].  For  example,  this  stacked  ccxnpound  microlenses 
can  be  used  to  reduce  lens  aberrations  like  chromatic,  spherical,  astigmatism,  curvature  of 
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Figure  2.S  Microkns  array  used  in  the  optical  computer,  after  [FeiS8)  and  [Hais90|. 
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Figure  2.9  A pJanar  GRIN  microlens  anay. 


Figure  2.10  Slacking  of  planar  optical  devices,  after  |iga84|. 


field,  CDcna  and  disionion|Rud78|.  The  use  of  compound  mic 


preventing  chromatic  aberration  when  a tunable  laser,  with  selective  wavelengths,  is  used 
as  a light  source.  Another  capability  of  this  compound  microlenses  or  tnicrolens  arrays  is 
that  it  allows  adjustment  of  the  focal  length  of  the  mictolens  arrays,  i.e.funcdoned  like  a 


2.3.6  Summary 

As  discussed  in  section  2.1.  Type  VI  gel-silica  glass  has  a unique  homogeneous 
pore  texture,  the  porosity  of  the  gel-silica  gloss  decreases  during  furnace  densification.  The 
physical,  mechanical,  and  optical  properties  of  gel-silica  glass  improve  upon  densification. 
The  final  product  is  a Type  V full  density  gel-silica  gloss  which  is  strucnuaJly  like  a 
commercial  pure  silica  glass  and  has  superior  thermal  and  optical  properties.  The 
difference  in  the  densification  between  Type  VI  and  Type  V gel-silica  glasses  can  be 
enhanced  by  introducing  a laser  to  locally  densify  the  Type  VI  porous  gel-silica  glasses. 
Thus,  the  created  index  change  between  the  inadiaied  region  and  the  silica  substrate  gives 
rise  to  the  developments  of  devices  used  in  optical  uansmis.<non  system.  Basically.ihe  laser 
piocessing  time  is  much  faster  than  the  conventional  routes  to  obtain  a mictolens. 

From  the  discussions  in  previous  section,  miciolenses  have  large  varieties  of 
applications  in  integrated-optics,  micro-optics,  and  stack-planar-opiics.  Current  fabrication 
methods  listed  in  Table  2.1  have  disadvaniages  such  as: 

(n)A  period  for  hours  are  required  forobtaining  a GRIN  gel  Ertxn  soaking  or  a 
GRIN  glass  from  conventional  ion-exchange  methods. 

(b) A  strain-induced  index  change  in  a diffused  miciolens  caused  by  the  diffusam 

(c) The  pboiolilhograph  technique  based  on  melting  of  the  lens  material  is  very 


And  most  of  (he  (echniques  involve  tedious,  sophisticaied.  and  process-sensitive 
steps.  In  contrast,  the  advanuges  of  introducing  laser  densificaiion  to  produce  microlenses 

(o)  a fast  and  clean  process. 

(b)  a contact  free  local  treatment. 

(c)  a high  degree  of  automation  and  a good  reproducihality  of  the  process. 

(d)  a feasible  aliemadve  or  addition  to  enisling  techniques. 

Further,  the  optical  propenies  of  the  laser  densified  region  of  the  gel-silica  glasses 
are  improved  instead  of  degrading  the  modilied  region  by  the  di^usants.  U is  also  possible 
to  ^lain  a full  density  region  by  laser  heating  which  exhibits  high  optical  transminance 
from  UV  to  NIR.  All  these  merits  show  the  necessary  routes  of  producing  optical  devices 
by  using  laser  heating  on  the  gel-silica  substrates. 


2.A  Review  ofFHR 

The  ftrsi  infraredflRl  spectrum  of  sunlight  was  taken  by  Sir  William  Heischel  about 
acenruryandthreequaitersagolCraVtil.  The  first  incased  spectrum  of  substance  is 
obtained  from  the  measuiements  of  distilled  water  which  also  taken  by  Sir  William 
Herschel.  However,  the  .structure  of  the  molecule  was  little  understood  al  that  time.  The 
development  of  molecular  structures  and  observation  of  the  infrared  molecular  spectra 
began  at  the  end  of  19ih  century. 

The  molecular  energy  consists  partly  ofICoI90]: 

<a)  translational  energy 

(b)  rotational  energy 

(c)  vibrational  energy 


(d)  electronic  energy 


SI 

ElecOOTiic  energy  transidons  normally  give  rise  to  absorption  or  emission  in  the 
ultraviolet  and  visible  regions  of  the  eleciromagneuc  specmim  IrocnO.Ol  to  0.78  jim. 
Molecular  vibrations  give  rise  to  absorpdon  bands  throughout  most  of  the  Intrarcd  region 
of  the  spectrum  from  0.73  to  SO  fimlnear  and  middle  Infrared).  Pure  rotation  gives  rise  to 
absorption  In  the  far  infrared  or  the  microwave  region  fiom  O.OOS  to  100  cm. 

quantum  viewpoint.  One  of  the  seieotion  rules  for  inftared  spectroscopy  is  that  the  incident 
photon  has  the  tight  energy  to  increase  the  vibrationaJ  quantum  number  by  one  which  has  a 
frequency  equal  to  the  classical  vibrational  frequency  of  the  molecule|Col90I.  As  most  of 
the  molecules  at  normal  lemperatuie  ertisi  in  the  ground  state,  the  fundamental  transitions  of 
the  molecules  dominate  the  infrared  absotpdoii  spectrum.  The  other  selection  rule  is  that  in 
order  to  absorb  infrared  radiation,  a molecular  vibration  must  cause  a change  in  the  dipole 
mtHTieni  of  the  molecule.  Thus,  the  intensity  of  an  infrared  absorption  band  either  depends 
on  the  population  of  the  energy  levels  or  is  propartionai  to  the  square  of  the  change  in 

Table  2.2  describes  the  assignments  of  the  absorption  bands  of  the  silica  glasses  in 
IR  spectra.  Hair  discussed  that  the  strong  absorption  band  observed  at- 3750  cm-'  in  the 
[R  absorption  band  of  silica  is  amibuied  to  the  fundamental  siratching  vibration  of  a 
hydtoityl  group  oimched  to  a silicon  aiomon  the  surface  of  the  silica  which  is  referred  teas 
'free  hydroxyl  groups"  or  “isolated  silanol  groups".  The  strong,  broad  adsorption  band 
that  appears  to  peak  about  3500  cm  ' is  attributed  to  molecular  water  that  is  physically 
adsorbed  upon  ihe  surface.  The  broad  peak  at  3400  cm-'  is  assigned  to  the  vibrations  of 
molecular  water[Hai67|. 

Benoluzaa  et  al.  reported  a series  of  infrared  spectra  from  200  to  4000  cm-' on 
silica  gels[Ber82|.  IR  spectra  of  the  gel-silica  samples  densified  at  increasing  temperatures 
up  to  800“C  were  compared.  The  band  at  960  cm  a typical  Si-OH  suetching  mode, 
drops  in  intensity  with  increasing  lemperaiitre  which  indicates  the  involvement  of  the 


Table  2.2 


> of  molecular  vibration  modes  of  the  silica  gla 


polyconden 


vibraiioiul  1 


1-3200  and  3«0( 


vere  ainbmcd 


10  adsorbed  water  and/or  to  silanoi  OH  hydrogen  bonded  groups,  while  those  in  the  range 
of  36SO-36gOcm''  can  be  attributed  to  silanoi  (SiOH)  unassociaied  gioups.  These  spectra 
give  evidence  for  the  dehydration  and  polycondensation  of  the  gel-silica  samples  at 
progressively  higher  temperatures.  They  also  reveal  a progressive  iransformanon  of  the  gel 
structure  toward  the  smicniie  of  fused  quanz.  The  structural  transfotraaiion  is  practically 
complete  at  800°C  although  dendOcation  is  not  completed  until  1100-1  lSO'C[Wan88| 
(Vas89a|. 

Lucovsky  el  al.  reponed  that  a strong  infrared  absorption  ai-IOTScm-iof  asilicon 
dioxide  film  is  due  to  a stretching  vibration  in  which  the  oxygen  atom  motion  is  in  the  plane 
of  iheSi-O-Si  bond  and  in  a direcdon  parallel  to  alinejoinlng  the  two  silicon  atoms 
[Luc87|.  The -1080  cm-'  band  in  the  infrared  spectra  of  silica  gels  is  associated  with  the 
TO  mode  of  Si-O-Si  asymmetric  bond  stretching  vibradon5(AS}[Ber82).  The  absorption 
band  at  960  cm-'  in  silica  gels  is  assigned  to  the  stretching  vibration  of  external  Si-0' 
groups|Dur86|.  The  weak  absorption  band  at  800  cm-'  has  been  assigned  to  a network  Si- 
O-Si  symmetric  bond  siraiching  vibraiion(SS). 

Kbk  studied  ihe  LO-TO  modes  in  the  infrared  absorpdon  speciiuin  of  amorphous 
silica|Kir88J.  LO  and  TO  modes  are  illustrated  in  Figure  XU  <a)  and  (b),  respeedvely. 

He  observed  that  the  TO  band  and  its  high-frequency  shoulder  are  due  lo  an  asymmeuicai 
sireich(AS)  modon  In  which  the  O atom  moves  back  and  forth  along  a line  parallel  to  the 
axis  through  the  two  Si  atoms.  AS  modon  is  lllustrmedin  Figure  2.12(a).  The  AS  modon 
actually  gives  rise  to  two  vibradonal  modesfl ) an  AS  i mode(TO  band  centered  at  -1076 
cm-l ) in  which  adjacent  0 atoms  execute  the  AS  morion  in  phase  with  each  other,  and  (2) 
an  A$2  modeftO  band  centered  at  1200cnr ' ) in  which  adjacent  0 atoms  execute  the  AS 
modon  180“Coutof  phase  with  each  other.  A symmeDical  stretching(SS)  of  the  O atom 
along  a line  bisecting  the  axis  formed  by  the  two  Si  atoms  characterizes  ihe  vibrational 
SS  motion  is  illustrated  in  Figure 


mode  of  the  middle  TO  band  centered  at  -SlOcnr'. 
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(a)  LongitucUnai-opiic  mode 


(b)  Transverse-optic  mode 


Figure  2.11  Scheniadcs  oflonginidinal-opdc  and  nnsverse-opdc  lamce 
vibradon  modes  of  a monoaiomic  chain  of  atoms. 


55 


(a)Asymmecric  srretching(AS)  vibration  of  amorphous  silica 


(b)Symmeiric  scretching(SS)  vibration  of  amoqjhous  silica 


Figure  2. 12  Scheaiatics  of  local  vibrational  motions  of  asymmetrical  stretching 
and  symmetrical  stretching  of  the  oxygen  atoms  with  respect  to  the 
silicon  atom  in  amorphous  silica,  after  Kirk|Kir8g). 
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2.12(b).  LO  modes  are  not  observed  in  noimal  incidence  infrared-absorption  spectra  once 
they  do  not  interact  with  light  due  to  the  Benemanefreci|Kir88|.  TheLO  AS|  and  LO  AS2 
modes  are  located  at  1256  and  I I60cm-‘,  respectively. 

Duran  et  aJ.  studied  the  structural  evolution  of  gel-silica  glasses  prepared  at  different 
R vaJuesfHjOn^OS  molar  ratio).  They  showed  that  the  IR  absorption  band  at  960  cm'* 
(NBO)  drops  progressively  with  densifleation  teinpcjatun:  and  almost  disappears  at  80C^C 
|Dur86].  In  consiiast.  the  band  at  800  era*',  a symmetric  network  stretching  vibradon. 
intensifies  with  increasing  temperatures . The  combination  of  both  aspects  allows  one  to 
infer  that  a polycondensadon  process  occurs  with  the  formation  of  Si-O-Si  bonds  as  a 
result  of  thermal  treatment.  Also,  the  asymmetric  Si-O  stretching  band  shifts  to  higher 
wavenumbers  (1085-^1 105  enr')  during  densificadon  which  involves  a strengthening  of 
the  network  and  can  be  imerpreted  as  sintering  produced  by  inieqiardcie  bonding  fmmadon 

predicted  by  an  D4DO  calculadon,  also  indkales  a longer  Si-O  bond  length  fm  a porous 
gel-silica  glass  with  a high  concennadon  of  silonol  groups|Wes90a1.  Silanols-rich  gels  are 
hydrophilic  and  easily  adsorb  water  from  the  ambient  atmosphere.  *niis  may  also 
contribute  to  the  ^fiin  the  asymmetric  Si-O  stretching  band  ofpnous  silica  gels  to  a 
higher  frei^uency  as  the  concennadon  of  the  silanol  groups  decreases  during  sintering,  in 
other  words,  (he  less  the  amount  of  water  adsorbed  on  a porous  gel.  the  less  is  the  diladon 
of  the  nciworkfstionger  silica  network  or  shoner  Si-0  bond  length). 

It  has  been  suggested  by  Devine  et  al.  that  evaluating  the  shift  of  the  dcmiinani  IR 
absorption  bands  at -- 440,  800, 1070  cm'i  of  an  undensified  silica  may  be  used  to 
determine  thin  film  densities  with  thicknesses  < l(X)nm[Dev88|.  The  shifts  of  dominant 
peaks  are  related  to  the  Si-O-Si  bond  angle  as  well.  DensiTicaiusi  can  be  categorized  as 
elastic  and  plastic  densificadon  when  the  amorphous  silica  and  a-quartz  are  densified  by 
using  hydrostatic  pre5$iire[Dev881|Wal9l1.  Ail  a-quariz  dau  indicate  a elastic 


deflsiTic 


tnn|  8 variation  in  Si-O-Si  bond  angle  which  is 


the  strain  on  release  of  the  piessuie.  Both  bond  angle  variatian  and  structural 
icorganizaDon  occur  in  the  plastic  dcnsification  of  amorphous  silica,  and  the  reorganiaadon 
penniis  a partial  relaxation  of  the  angular  variations.  Plastic  densITication  is  itreveisible 
(bond  breakage  to  form  smaller  rings),  does  not  change  on  release  of  the  pressure  and  is 
stable  with  time  at  room  temperature.  However,  compressed  amorphous  silica  with  density 
ofB.Ogfc.c.  appears  unstable  a^nst  annealing  at  high  tempeianue  - 950°C. 

Viscoelastic  compaction  is  another  mechanism  for  a amorphous  silica  under 
pressuie  densificaiion.  The  viscoelastic  compocdon  includes  a elastic  component  (allowing 
a leversible  change)  andaplasnccomponenKcausingapefTiuineni  deformation  when  the 
pressuie  exceeds  the  critical  point).  Same  viscoelastic  compacnon  mechanisms  occuned  In 
a laser  irradiated  amorphous  silica  examined  by  Devine  etal.[FoiS6|[Wal91|.  The 


Wnlrafen  ct  ah  reviewed  that  there  exists  an  angle  and  bond  length  conelation  in 
structure  tnodilicaiions  of  amoiphous  silica[Wal86j[Wal9l].  The  siruciuie  modifications 
occur  by  applying  a compressive  or  a tensile  stress  on  the  glass  substrate.  A decrease  in 
the  mean  equilibiium  bond  anglefiniraieirahetlra  bridging  oxygen)  will  pmduce  a 
corresponding  increase  in  both  the  mean  equilibrium  Si-0  bond  length  and  the  mean 
equilibrium  dihedja(or  till)  angle  between  the  adjoining  silica  teiiahcdra. 

It  is  concluded  that  the  shiD  in  the  absorption  spectra  of  the  gel- silica  glasses 
densified  at  dlRereiu  temperatures  indicates  that  IR  spectra  are  density-sensitive.  Thus,  the 
density-sensitive  shifts  can  be  used  to  identify  the  structural  dianges.  The  struaural 
variations  of  the  glasses  by  laser  irradiation  seem  similar  to  the  glasses  under  stress  or 
pressure.  Viscoelastic  compaction  mechanisms  occuired  in  a laser  iiiadiaied  amoqrhous 
silica  as  well  as  in  a glass  under  stress  or  pressure. 


CHAPTERS 

PROCESSING  AND  PROPERTIES  OFGEL-SIUCA  GLASSES 
3.1  Introdiiclioti 


3.1.1  Goals  of  Sol-Gel  Processing 


dehydration,  and  denstficalion.  The  gel-silica  glasses  mode  ihrough  the  sol-gel  process  os 
increasing  densification  letitperanue  inclixle  dry  gel.  Type  VI  partially  densified  gel-silica 
glass,  and  Type  V full  dense  gel-silica  glass. 

Tlie  produci  of  ihe  sol-gel  processing  described  in  ihis  study  is  a partially  densiSed 
gel-sUica  glass.  The  partially  densified  gel-silica  glass.  lenned  Type  VI  gel-silica  gloss,  has 
a unique  homogeneous  pore  Kiiure.  The  gel-silica  glasses  have  small  pore  radii(-l2A), 
large  pore  volumes(^.40.  >0  c.cyg).  and  a high  concentration  of  silanols  on  the  pore 
surface.  The  pore  volume  of  Ihe  partially  densified  gel-silica  glass  decreases  as  the 
densification  remperanire  increases.  Simultaneously,  ihe  bulk  density  of  ihe  partially 
densified  gel-silica  glass  increases  upon  furnace  densification  until  h reaches  a maximum. 
22  g/c.c.  The  fully  densified  gel-silica  glass  is  lenned  a Type  V fully  dense  gel-silica 
glass. 

These  partially  densified  gel-silica  glasses  are  to  be  used  in  this  study  as  substrates 
for  further  COj  laser  densiflcadon.  The  thermal  effca  induced  by  COj  laser  heating 
enhances  the  densification  of  the  Type  VI  partially  densified  gel-silica  substrate.  However, 
a previous  study  showed  that  there  was  a structural  relaxation  ot  the  laser  densified  region 
on  a partially  densified  gel-silica  substrate  with  bulk  density  equal  to  -1 .56  g/c.c.(Slo90). 
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Cncking  of  Ifie  laser  densified  region  was  also  observed  when  the  bulk  density  of  the  gel- 
sUica  substrate  is  low. 

In  order  to  avoid  these  problems,  one  goal  of  the  soi-gel  processing  in  this  study  Is 
to  make  a Type  VI  gel-silica  substrate  with  high  bulk  density  above  1 .80  gki.c.  The 
strength  of  the  parDally  densified  gel-silica  glass  is  higher  as  the  poie  volume  decreases 
upon  densification.  Thus,  a more  stable  laser  irradiated  region  is  expected  on  the  partially 
densified  gel-sUica  glass  with  high  bulk  density  of  >1.80  g/c.c. 

The  requirements  of  Type  VI  gel-silica  glasses  for  laser  densiffcation  of  optical 
components  are  surface  flamess.  homogeneity,  transparency,  and  sufficiently  high  bulk 
density  to  prevent  subsequent  relaxation  after  laser  heating.  Surface  flatness  and 
homogeneity  are  necessary  for  the  fabrication  of  arrays  of  optical  components  on  the 
surface  of  the  gel-silica  glass,  and  for  the  ease  of  analyses,  such  as  surface  proflles,  focal 
length,  etc.  Characierizalrcm  of  optical  properties  of  the  laser  densified  spots  would  be 
impossible  if  any  bulk  inhomogeneity  or  foaming  is  present  Each  processing  step  of  the 
gd-derived  glasses  must  be  carefully  accomplished  to  fulfdJ  these  requirements. 

Chemical  siabilization  is  used  to  make  a Type  VI  porous  gel-silica  substrate  with 
higher  bulk  density  >1.8  g/c.c.  This  is  due  to  the  fact  thai  gel-silica  glass  foams  easily 
when  the  densifleation  temperature  is  above  900°C  if  only  thermal  stabilization  is  used. 
Trapped  water  expands  within  the  closed  pores  which  causes  the  foaming.  Chemical 
stabilization  with  gaseous  chlorine  compounds  is  the  most  effective  means  of  removal  of 
hydroxyl  groups  of  the  gel-silica  glass  prior  to  consolidation  of  pores[Bri90|.  Therefore, 
in  this  study,  gel-sUica  glasses  densified  are  with  chemically  stabilized  prior  to  densification 
io>1.80g/c.c. 

The  advantages  and  morivotion  of  using  sol  gel  glasses  for  optical  components  have 
been  discussed  in  Chapter!.  Low  impurities,  homogendiy.  excellent  transmission  from 
are  the  most  significant  properties  of  the  monolithic  Type  V gel-silica 
: been  achieved  to  meet  the  requirements  in  optical  applications.  Detailed 
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discussions  of  the  ptopemos  of  a Type  V gel-silica  glass  were  reponed  by  Hencb  ei 
al{Hen88|[HesiOOa|[Hen90b|.  A goalof  this  snidy  Is  lo  achieve  equivalem  high  quality 
pr^nies  in  laser  densified  regions  on  Type  VI  gel-silica  substrates.  The  laser  densified 
regions  can  be  uttlized  as  optical  components,  i.c.  microlenses  or  microlens  arrays.  The 
laser-enhanced  densiilcauon  region  has  a higher  bulk  density  and  a higher  retractive  index 
than  the  substrate.  Thus,  the  irradiated  region  can  be  used  to  manipulate  optical  rays,  such 
as  focusing  or  magnifying,  within  a substrate  of  lower  tefractive  index. 


Hench  ei  aL  discussed  that  there  are  relatively  few  papers  describing  the  thermal, 
mechanical,  and  optical  ptopetties  of  gel-derived  monoliths.  71115  is  because  of  the 
difiiculiy  of  producing  large  stable  structureslHen90a|.  Consequently,  it  is  necessary  to 
determine  the  physical  properties  as  well  as  sirucniial  characteristics  of  the  substrates 
developed  in  this  study. 

Fottt  characterization  techniques  for  monolithic  gel-sUica  glasses  with  increasing 
densification  tempetarure  are  demonstrated  herein.  Chaiacterization  iiKihods  irtclude 
physicaKbulk  density  and  pore  texture),  thentitiil  thermal  expansion  and  contraction). 
mechaiucaKinicrohardnessl.  and  optical  properties(UV/VIS/NIR  transmission  spectra, 
Micro-FTIR  lefleciance  spectra,  and  the  teiiactive  index)  of  the  gel-silica  glasses  densified 
at  diffmni  temperatures.  For  comparison,  bulk  density,  re&acuve  index,  and 
UV/VIS/NIR  speefrura,  values  of  a Type  V fully  dense  gel-silica  gla.ss  are  oblained  from 
Hencheial.[Hen88|[Hen90a|[Hen90b). 


!.2  Preparation  of  Tvne  VI  Gel-Silica  Glasses 


A scticmaiic  Ulustmtion  of  ihe  gel-silica  glass  processing  sequence  wiih  scaled 
characieristic  structures  for  each  processing  step  is  shown  in  Figure  3.l[Hen90a|.  To 
ensure  the  leproducibiliiy  from  batch  to  batch,  it  is  imporiant  to  control  processing 
parameters  such  as  the  pH  of  the  sol.  gelation  tiine.time  and  temperatures  of  the  aging, 
drying,  stabilization,  dehydration  and  densificadon  process. 

The  sol  was  a homogeneous  mixture  of  tenamethylonhosilicateCTMOS).  deionized 
(DI)  water  and  was  caiaiyzed  by  using  nitric  acid.  The  amount  of  water  and  acid  is 
conoolicd  in  order  to  obtain  a complete  hydrolysis.  The  average  pH  of  the  sol  is 
approximately  1 before  casting.  The  sot  was  cast  into  a plastic  mold  and  dghdy  sealed  to 
avoid  evaporation. 

A high  ratio  of  diameter  to  thickness  of  the  mold  is  preferred  for  the  surfece  opdcal 
applications  due  to  the  ease  o(  achieving  surface  flatness  and  diminudem  of  the  effect  of 
surface  meniscus.  Low  surface  roughness . high  chemical  resistance,  and  high  thermal 
stability  of  the  mold  are  also  required. 

Geladon  of  the  sol  proceeded  at  room  temperamre  for  63  hours.  'Hie  surface 
fiatness  of  the  wet  gel  is  ensured  during  the  geladon  by  maintaining  horizontal  storage  and 
avoiding  any  vibration.  The  gels  are  then  aged  in  sealed  containers  for  the  tittre  and 
temperatures  shown  in  Figure  3.2. 

The  aged  gel  was  removed  from  the  mold  and  immersed  into  a container  ruled  with 
DI  water.  Drying  of  the  silica  gel  is  one  of  the  crucial  steps  to  obtain  the  roonolithity  of  the 
gel.  Large  capUlary  stresses  occur  and  lead  to  caiasnophic  fracture  if  the  capillary  pressure 
in  the  gel  network  is  not  well  controlled.  Pressure  control  can  be  obtained  by  reducing  the 
diameter  of  the  gas  oudet  on  the  container  during  drying. 

The  drying  schedule  is  illustrated  in  Figure  3.3.  The  final  step  of  >100°C  in  the 
drying  schedule  is  used  to  eliminate  the  pore  liquor  within  the  pores  of  the  gel  and  increase 
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aoc  of  die  aging  schedule  i 
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Figure  3.3  Schemsdc  of  drying  schedule  for  a pure  gel-silica  i 


Dgel.  The  dried 
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the  stiengih  of  the  gel  The  product  of  the  drying  process  is  called  a xero 
xerogel  has  a very  large  surface  area  (>400  m-/g)  and  a very  high  concenttadon  of  silanols 
on  the  pore  surface  which  may  result  in  thermal  and  envimnmental  instabilides  of  the  dry 

A stabilizadon  treatment  is  lequiied  to  overcome  the  the  chemical  instabilities  of  the 
dry  gel.  The  stability  of  the  dry  gels  can  be  impioved  by  using  either  thermal  stabilization 
or  chemical  stabilization.  Theimal  stabilization  involves  hearing  the  aerogel  in  a tube 
furnace  in  dry  air  which  reduces  the  porosity  and  increases  the  bulk  density  of  the  dry  gel. 

during  thermal  stabilization,  i.e.  water  molecules  and  organics,  etc. 

However,  it  is  difficult  to  obtain  complete  dehydration  by  using  thermal 

after  pore  closure  occurs  during  densificadon.  Thermal  stabilizadon  can  be  used  to  Increase 
the  strenglhofthe  gel  prior  to  chemical  stabilizadon  and  densification  up  to  II50°C.  A dry 
gel  directly  undergoing  chemical  stabilization  is  suscepnble  to  cracking  withour  pric^ 
thermal  stabilization. 

Atypical  schedule  of  the  thermal  stabilization  treatment  is  shown  in  Figure  3.4. 

The  heating  tateS  IQ’C/hour  starting  from  60O'C  is  used,  depending  on  sample  thickness. 
The  heating  rate  can  be  higher  for  a thinner  sampJe.  The  highest  temperature  of 
slabUization  tanged  from  7<XI°C  to  9(XI°C  depending  on  the  physical  dirrrension  of  the 
sample.  The  stabilization  temperature  should  be  high  enough  to  achieve  suflicieni  strength 
for  subsequent  chemical  siabillzaiion.  and  concurrently  the  pore  connectivity  must  be 
preserved  to  allow  chemical  dehydradon  to  occur.  Determination  of  an  appropriate 
stabilization  schedule  Is  the  second  crucial  step  to  obtain  a monolithic  gel-silica  glass  for 
further  dehydration  and  densification. 

Chemical  stabilization  is  the  most  effective  means  of  removal  of  hydroxyl  groups 
poor  to  consolidation|Bri901.  The  most  effeaive  chemicals  used  in  surface  dehydration  of 
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Figure  3.4  Scliemsiic  of  thermal  stabilization  schedule  for  pure  gei-silica  optical 
substrates. 


gel-silica  glass  are  CISKCH})}.  SiCU.  Cli.  and  CCU  which  react  with  the  surface 
hydroxyl  groups  to  form  HO  and  desorb  from  the  the  gel  body  over  a temperature  range  of 
400°C  - 800°C  when  the  pores  are  sdJI  fuUy  connected|Sny66;[Hen90b]. 

A typical  dehydration  and  densification  schedule  used  in  this  work  is  shown  in 
Ftgine  3.3.  The  chemical  stabilization  occurs  with  a CO4  atmosphere  carried  by  a steady 
He  flow  at  350°C  foUowed  by  a steady  dry  air  flow  during  pamal  densification. 

Generally,  the  period  of  chemical  dehydration  is  from  6 to  48  hours  depends  on  the 
porosity  and  dimension  of  the  gel-silica  monolidts.  Flow  rate,  hearing  rate,  dehydration 
time,  previous  thermal  stabilization  temperature  and  the  position  of  the  sample  in  the  tube 
furnace  are  important  variables  that  must  be  controlled  to  sustain  ihemonoliihicity  of  the 
silica  gel  This  is  the  third  cruciaJ  step  to  obtain  a monolithic  gel-silica  glass  for  hirther 

Different  bulk  densities  of  the  gei-silica  samples  produced  using  the  schedules 
described  above  ranged  from -1.10  gfcm’ to  2.20  g/cm’.  These  densities  were  achieved 
by  different  thermaJ  treatments  ( horn  180°Cio  llS0°O-  The  samples  are  temied  as  diy 
gel  (-1.10  gfcm’l,  stabilized  gel-silica  glass  by  thermal  stabilizadon(>  1.17  g/cmi, <2.0 
^cm^),  near  fully  densiTicd  gel-silica  gloss  by  thermal  and  cheirucal  stabiiizarion(-2,0 
g/cm3)  and  fully  densified  gei-silica  glass(2.2  g/cm’). 


The  bulk  density  of  the  gel-siUca  gloss  is  calculated  by  using  the  equation  below; 


3.3  Physical  Prooenies 


weight  of  the  maieriai 


volume  occupied  by  solid  and 


Bulk  den 


(3-1) 
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Figun:  3.S  Typical  chemical  siabilizadon  and  den 
opdcal  substrates. 


nsificstion  schedule  for  gel-silica  glass 


The  weigh!  of  each  gel-silica  glass  is  measured  after  dehydradon  in  a vacuum  oven 
healed  at  I S0°C.  The  volume  of  Ihe  gel-silica  sample  is  obtained  by  using  a mercury 
pycnometer.  In  tiiis  measurement,  without  external  pressure,  the  mercury  will  not  intrude 
uiio  the  micTopores  of  the  gel-silica  glasse.s  because  of  the  high  surface  tension  of  the 
mercury.  Thus,  the  volume  occupied  by  the  solid  and  voids  can  be  measured 

Pore  lexture  of  the  gel-silica  glasses  is  obiained  by  using  nitrogen  gas  adsorption 
analysis  on  a Quanlachrome  Autosorb  6.  The  pore  texture  includes  surface  area,  pore 
radius,  and  pore  volume  of  the  gel-silica  glasses.  Nitrogen  gas  adsorpdon  analysis  is 
usually  employed  for  structures  with  pore  radii  smaller  than  1000  A[Vas89a|.  The  pore 
lexture  is  determined  from  the  "adsorption  isotherm’',  a relationship  between  the  quantity  of 
the  adsorbatefniDogea  gas)  and  the  relative  rado  of  the  adsobaie  equilibrium  pressure(P)  to 
the  adsorbate  saturated  equilibrium  ptessure(Po)|Uu9]J. 

BET  iheoiy  was  developed  by  Brunauer,  Emmett,  and  Teller  in  1938[Bni38] 
[VBsB9a|.  The  BET  theory  assumes  that  the  uppermost  molecules  in  adsorbed  stacks  are  in 
dynamic  equilibrium  with  the  vapor.  The  BET  equadoa  is  formed  as  foUowed[Low79]: 


W : weight  of  vapor  adsortied 

Wn:  wei^t  of  vapor  in  a complete  monolayer 

P : adsorbate  equilibrium  pressure 

Po:  adsorbate  saturated  equilibrium  pressure 


CtaBETc 


The  surface  1 


narerUl  is  determined  from  a plot  of  W(Po/P-l) ' 


PoiP,  it  is  usually  a straight  line.  The  slopes  s and  the  intercept  i of  a BET  plot  are 


ed  from  equadons  (33)  and  (3.4). 


(3.3) 

(3.4) 


C^l 

The  total  surface  area  can  te  calculated  I 


(3.5) 

(3.6) 


ving  equation. 


(3.7) 


S|;  Total  surface  area 
N : Avogodxo's  number 

M ; molecular  weight  of  an  adsorbate  molecule 

Since  the  pen:  lesture  is  assumed  to  be  a cylindheal  geometry,  the  total  surface  area 


St  is  equal  to(Low79): 
S,  = 2V/r. 


(3.8) 


Where  V is  the  lotal  por 


Result,  and  Discussion 

Figure  3.6  shows  the  relationship  of  the  pore  volume  and  the  bulk  density  of  the 
gel-sUica  glasses  with  increasing  densiUcaQon  lemperamre.  Bulk  density  of  the  gel-silica 
glasses  increases  as  the  densificaoon  teinperaiure  increases,  and  the  pore  volume  decreases 
at  increasing  densification  lempeiature.  From  equation  (3.1),  it  is  known  that  the  bulk 
density  increases  as  the  volume  occupied  by  voids  decreases.  That  means,  the  bulk  density 
of  the  porous  gcl-siUca  glass  is  increased  at  the  expense  of  reducing  pore  volume  during 
densITication. 

Hgure  3.7  shows  the  variation  of  the  pore  radius  and  surface  area  of  the  gel-silica 
glass  with  increasing  densification  temperature.  Surface  area  decreases  as  the  densification 
temperature  increases.  Note  that  the  pore  radius  exhibits  very  little  change  during  the 
densificadon.  The  surface  aren  of  gel-silica  glasses  drops  drastically  above  90CFC.  Since 
the  pore  texture  is  assumed  to  have  a cylindrical  geometry,  the  surface  area  is  proportionaJ 
to  the  pore  volume  at  a constant  pore  size  accoiding  to  equation  (3.8).  The  surface  area 
decreases  as  the  densificadon  temperature  increases  as  a result  of  the  reducing  pore  volume. 

The  driving  force  in  densification  is  the  reduction  of  solid/liquid  or  solid/v^ior 
Imeifacial  energy  due  to  the  very  hi^  initial  surface  area  of  the  silica  geis(-800  mVg). 
Below  1S0°C,  shrinkage  of  the  silica  gel  is  caused  by  the  desorption  of  water  and  alcohol. 
Between  150°C  and  -525'C,  shrinkage  is  siirtbu  ted  primarily  to  polymerization  of  surftce 
silanois  and  structural  relaxation|Wat9l|.  Above  900°C.  the  shrinkage  is  due  to  the 
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Figure  3.6  Pore  • 


■re  radii  of  geJ-silica  glasses  at  increasing  densificadon 


sinlering(Eljn83)(Sidi86|[Bri901.  The  variation  in  physical  properties  of  ihe  gel-silica 
glasses  during  densificauon  are  cortelaied  wiih  these  mechanisms. 


The  bulk  density  of  Ihe  gel-silica  glass  increases  at  the  expense  of  reducing  pore 
volume.  The  surface  area  of  the  gel-silica  glasses  drop  drastically  above  900°C  when 
viscous  sintering  occurs.  In  addition.  Figure  3.6  and  Figure  3.7  show  that  there  is  still 
appreciable  pore  volume  with  invariant  pore  radius  after  thermal  siabilization  above  800°C 
which  permits  dehydration  to  be  completed.  The  lebuonships  between  physical  properties 
as  a function  of  densificaiion  temperature  are  consistent  with  the  previous  wtskfHenSS! 
[Wan88][Vas89a|[Vasg9b!. 


3.4  Thermal  Pronenv 


3.4.1  Matometer  Analysis 

Dilalometric  behavior  of  gel-silica  glasses  in  an  ambient  atmosphere  were  measured 
using  a Theta  Industries'  Research  II  Electronic  Dilaiomeier.  This  dilatomeier  equipped 
with  a tube  furnace  records  the  linear  dimensional  change  of  the  test  sample  at  a given 
heating  rate  and  cooling  rate.  The  highest  temperature  of  the  furnace  can  be  raised  up  to 
700°C.  The  samples  are  poUshed  in  a rectangular  shape  with  length  of  10  mm  and  -3  mm 
in  thickness.  A sample  from  the  NBS(Nadonai  Bureau  of  Standaids.  now  the  National 
Insdniieof  Standards  and  Technology)  of  fused  silica  is  used  as  a standard  for  all  the 

The  thermal  schedule  for  the  dilaiomeier  analysis  is  3'Omin.  for  heating(up  to 
700°0  and  cooling(down  to  room  temperature).  Arrows  radicate  the  direction  of  the 
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dimensional  changcofihe  samples  upon  healing  and  subsequent  cooling.  Curve  Ksample 

termed  SI)  shcnvn  in  Figure  3,8  is  the  thermal  behavior  of  a full  density  gel-sUka  glass 
piovided  by  Zhu[Zhu89|.  Curves  2 and  3 are  the  iherma!  hysteresis  loops  of  the  gel-silica 
glass  stabilized  at  900“C  (S2)  and  at  700°C<S3),  respectively.  Corresponding  bulk 
densities  of  samples  used  to  obtain  curves  2 and  3 are  1 .58  and  i .34  g/c.c..  respectively. 

Full  density  gel-silica  glass  eithibiis  linear  ihemial  expansion  and  shrinkage  upon 
heating  and  cooling  as  shown  in  Hgure  3.8.  There  is  no  hysteresis  loop  of  the  Type  V gel- 
silica  glass  in  curve  1 . It  behaves  the  same  as  a cwnmercinl  pure  silica  gloss. 

Sample  S2  shrinks  immediately  at  the  beginning  of  the  healing,  there  is  no 
significant  expansion  aiound  100°C.  and  slightly  expands  during  cooling  below  -320“C. 

Sample  S3  expands  up  to  ~IOO°C  and  shrinks  afleiwaids  upon  heating,  o 
significant  expansion  is  observed  below  -320°C  during  coaling.  The  resulting  linear 
dimensional  change  of  S3  is  larger  than  52.  i.e.  the  discrepancy  of  the  loop  of  S3  is  larger 
than  that  of  S2. 

There  ore  many  mechanisms  responsible  for  the  strucrurai  changes  of  porous  gel- 
silica  glass  that  occur  dunng  the  dilalomeDy  measurements.  The  coirelaled  mechanisms  of 
the  thermal  behavior  of  porous  gel-silica  glasses  are  discussed  by  Blinker  ei  ah.2hu, 
WaUace  and  othefs(Elm83|ISeh861|Zhu89irBri90|[Wal91|. 

Results  irom  the  above  soidies  can  be  summarized  as  follows.  The  shrinkage  of 
the  Type  VI  porous  gel-silica  glass  upon  heating  and  cooUng  can  be  attributed  to; 

(1) Below  130°C,  shrinkage  of  S2  and  S3  is  caused  by  the  desorption  of  water  and 
alcohol  fiom  the  pores. 

(2) Belween  150“C  and  700"C  upon  heating,  shrinkage  is  attributed  primarily  to  the 
polymerization  of  sllaaols  to  form  siloxane  bonds.  Simultaneously,  there  are 
high  concenuaiians  of  threefold  rings  formed  on  the  internal  pore 
surface|Wal911.  This  type  of  polymerization  may  not  result  in  permanent 


Temperature  (°C) 


77 

stuinkage  if  ihe  gel-silics  sainpic  U re-«xpased  lo  ihe  tunbieni  attrasphen:  after 
reheating  especially  if  water  vapor  is  preseiiL 

(3) Pore  eliminauon  which  results  in  permanent  shrinkage. 

(4) Structuial  relaxauon. 

The  expansion  of  the  Type  VI  gd-silica  glass  upon  healing  and  cooling  can  be 

(lyrhe  expansion  allow  temperature  is  due  to  the  anharmonic  lattice  vibrations. 

(2IThe  rehydrolysis  of  the  threefold  rings  occurs,  by  adsorption  of  water 
molecules  onto  the  strained  threefold  rings  on  the  internal  pore  surface 
(physisorption).  It  is  followed  by  rehydroxyladon  via  a dissociative  bond- 
breaking reactionfchcmisorption),  as  discussed  by  Wallace|Wal91]. 

(3>As  the  average  pore  radius  of  S2  and  S3  is  small -I2JA.  water  adsorption  and 
absorption  on  other  silanol  groupsfi.e.  inside  the  skeleton  of  the  gel)  depends  on 
the  rate  of  transportation  of  water  molecules  into  the  pore  network  of  the  porous 


(d)SlrucniraJ  relaxauon. 

Titus,  there  are  three  types  of  Ihe  thermal  behavior  of  the  porous  gd-silica  glass 
during  heating  and  cooling  in  the  dilaiomeier  study.  They  arc: 

(i) expansian. 

(ii) permanen(  shrinkage, 

(ui)(eniparary  shrinkage 

The  magniojde  of  the  expansion  of  the  stabilized  gels  during  cooling(<320“C) 
decreases  as  the  densificationlempeianiteincreasesfWai9I|.  The  densificadon  lemperarure 
of  sample  S2  is  larger  than  of  sample  S3.  Therefore,  the  stiffness  of  the  matrix  of 
S2(densiiled  at  900®C)  is  larger  than  S3(700®C).  Thus,  the  thermal  stability  of  the  gel-silica 
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The  tttnporaiy  shrinkage  will  recover  by  eapanslon  upon  cooling  (or  afier  a period 
of  time)  through  re-adaoiption  water  molecules  from  the  ambient  atmosphere.  If  dry  air 
now  is  used  during  cooling,  no  expansion  is  observed  due  to  the  lack  of  water  molecules 
iZhu89|. 

The  discrepancy  in  the  hysteresis  loops  of  Curves  2 and  3 in  Figure  3.8  indicates 
the  existence  of  permanent  shrinkage  which  results  in  the  thermally  stabilized  gei-sUica 
glasses  S2  and  S3,  e.g.  The  inidal  length  of  the  test  sample  is  longer  than  the  final  length. 
The  porosity  of  S3  is  larger  than  that  of  S2  (Figure  3.6)  so  the  resulting  permanent 
shrinkage  of  sample  S3(densined  ai  700°C)  Is  larger  than  iha:  of  sample  S2(900°O. 
Permanent  shrinkage  is  not  observed  in  sample  SI  due  to  the  lack  of  porosity. 

in  conclusion,  gel-silica  glass  as  heated  to  700°C  • 900°C  are  still  not  chemically  or 
ihetmally  stable  due  to  the  existence  of  the  hysteresis  loop  in  the  dilaiometer  study.  As 
long  as  there  is  an  open  poiosity  in  the  gel-silica  glass,  there  will  be  a cenain  amount  of 
permanent  ^linkage  after  reheating.  The  magnitude  of  the  expansion  of  the  thermally 
siabiUzed  gel-silica  samples  during  coaling  decreases  as  the  denaricadon  temperature 
increases.  So  the  term  ''stabilized”  gels  does  not  mean  they  are  necessarily  fuUy-iheimally 
stabilized  They  can  be  continually  shrunk  during  reheating  until  they  are  fully  densified. 

However,  this  thermal  instability  of  the  Type  VI  porous  gel-silica  glass  supports  the 
concept  of  enhancing  densification  by  using  loser  healing  on  the  porous  gel-silica  subslraie. 
Peimanenl  shrinkage  is  the  expected  result  from  laser  heating. 


Indentation  methods  are  widely  utilized  for  the  microhatdness  chaiaclerizaticei  of 


3.5  Mechanical  Procerries 


> of  a material  is  dependent  on  many  variables, 


iload/siz 


effec«lSE),  lest  environmeni,  geomeoies  of  irdenier(Brinell,Knoop.  or  Vickers),  crysial 
pleoe  lesied  and  crysiallograpMc  oriemacion  of  a single  crystal,  eic.fLi91a||Li9lb|. 


The  indenBDon  load/siae  effeciCISE)  is  ihe  effeci  of  the  applied  indemauon  load  and 
the  indentation  size  on  the  calculated  microhardness  of  a tnateriaL  Most  experirnenlal 
results  reveal  that  the  measured  microhardness  appears  to  increase  if  lower  indentation  test 
loads  are  used.  i.e.  most  materials  exhibit  an  ISE  efftet. 

In  Figure  3.9.  after  |U9Ia|(U91b|.  a relationship  between  the  calculated 
miciohardnessfH)  and  the  dimension  of  the  impression(d)  of  a material  is  illustrated.  The 
value  of  H is  increased  as  the  imptcssion  d decreases.  This  behavior  is  due  to  the  fact  that 
the  impression  d decreases  as  the  applied  load  decreases,  as  shown  in  equadon(3.9). 

Above  the  ISE-boundary(H=Ho.  d>do.P>Pc).  the  measured  microhardness  Ho  is 
indenuition  sizcfor  load)  independent,  where  the  parameters  are: 


P:  the  applied  load. 

Pc  :lhe  cridca]  indentadon  load. 

d :ihe  indentation  size, 

do  a characleiistrc  indenlanon  si 


However,  Ihe  sample  surface  exhibits  a crack  failure  when  the  applied  load  is  too 
luge.  Thus,  a proper  test  load  must  be  found  between  the  iSE-load(P=Pc)  and  the  ciack- 
induced  ]o8d(P»Pc)  in  order  to  obtain  a true  value  of  microhardness. 

The  load  dependence  of  microhardness  was  initially  addressed  in  leims  of  the 
classical  Meyer's  law|U91a][LI9lb|. 


(3.9) 


inOentation  size 


3f  ISE  elTsa  in  solids,  illusmcine  ihe  iSE  I 


ry, after  (Li9l|. 


Ineqiisdon  (3.9),  Pis  the  indentation  test  load  and  d is  the  resulting  dimension  of 
the  impression.  A and  n are  coefficient  and  exponent,  respectively,  and  are  related. 
However,  A values  are  observed  to  have  a serious  dimensionality  problem,  i.e.  a lock  of 
any  i^ysical  tneaning|Li91a||Li91b|.  This  creates  substantial  uncertainty  as  to  the  meaning 
of  both  A-values  and  n-values  obtained  experimentally. 

The  peculiar  dimensionality  of  the  classical  Meyer's  law  was  addressed  by  applying 
the  concepts  of  a load-independent  "true”  microhaidness,  a critical  indentation  load  and  a 
characteristic  indentation  size.  U and  Bradt  have  itcemly  introducedanotmalized  Meyer's 
law  to  address  this  problem|Li91a|lU9lbj.  The  resulting  nortnaUzed  Meyer's  law  is 


(3.10) 


In  equation  (3.10),  Pc  is  the  cntical  indentation  load,  dg  is  a characteristic 
indentation  size,  and  n is  the  same  exponent  as  in  the  classical  Meyer's  law.  This 
normalized  form  of  Meyer's  Law  solves  the  dimensionality  problem  of  the  A-value  in  a 
self-consistent  manner,  as  discussed  by  Li  and  BtadtiU9lb].  It  also  suggests  that  the 
extent  of  the  ISE  can  be  quantitatively  described  for  different  materials  by  the  physically 
related  terms,  Pc  and  dg.  Furthermore,  U and  Bradt  have  also  proposed  a proportional 
specimen  resistancefPSR)  model  to  interpret  ISE,  The  PSR  is  expressed  as(Lj91b|t 

PSR=a|d  (3,11) 

where  the  at  coefficient  represents  the  connibudon  of  the  PSR  to  the  ISE.  Li  and  Bradt 
show  that  the  ai-value  depends  on; 

Q)  the  elastic  properties  of  the  test  m 
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(u)  the  imctfacial  fricaon  between  the  indenter  facets  and  the  test  specimen. 

specimens  was  confinned  by  U and  Bradi(Li9lb|.  In  onder  to  eaplain  ISE  more 
corapietely,  a teladonsbip  between  P and  d was  also  developed  by  Li  and  Brndt  'nieir 
resaldng  relation  is  shown  as  foUaws. 

P=a|d+a2d=PSR«3d=PSR*(j^)d^  (3.12) 

Rom  equation  (3.12),  the  term  ajd  can  be  used  to  represent  the  effective 
indemmion  test  load.  Tbe  arvalue  is  directly  related  to  the  test  specimen's  load- 
independent  hardness,  but  is  dependent  on  (i)  the  test  rttatenal  and  (ii)  the  crystallographic 
reference  for  single  crystals,  a}  is  equal  to  (?c/(do"do))  where  Pc  and  do  narurttlly  evolve 
from  the  self-consistent  approach  to  the  development  of  the  normalized  form  of  Meyer’s 
Law,  as  discussed  by  Li  and  Btadt|Li9Ib|. 

By  combining  equations  (3.10),  (3.11),  and  (3.12).  the  test  load/indeniaiion  size 
dependence  of  a microhardness  measurement  can  be  quanotadvely  expressed  by  the 
relationship: 

o.ra 

where  C is  a constant  depending  on  the  geometry  of  the  indenter.  The  equation  (3.13) 
describes  the  iSB.  since  the  fust  term  (^)  represenu  an  indentation  tcsi-load-dependem 
region  relating  to  the  PSR.  Die  second  term  (j^^)  represents  an  indentation  test-load- 
independent  region  where  the  hardness  is  a constant.  The  contribution  of  PSR  to  the  ISE 
increases  with  decreasing  indentation  test  load  when  dcdo  or  P<Pc.  When  the  load  is 


eglecied.  and  iht  hardness 
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above  Pc(dxlo).  ihecontnbudon  of  ihe  PSR 10  ihc  ISE  can  be  ne 
represents  the  load-independent  “true"  hanlness(=Pc/(do*do))- 


3.5.2  MicTohardness  Analysis 


In  the  miciDhardness  study  pursued  herein,  a semi-automatic  LECO  DM-400F 
Hardness  Tester  was  used  to  obtain  the  Vickers  haidness  numberfVHN)  of  the  gei-denved 
silica  glasses  with  different  densiJicaiion  temperatures.  The  VHN  is  determined  by  the 
following  equadofliVas89a|: 


(3-14) 


where  P is  Ihe  applied  loadfkg),  L is  (he  average  lengdi  of  the  diagonals  of  the 
indeniaaonfmm).  Good  quaUty  indentanons  require  a good  focus  oti  the  sample  and  the 
test  sample  must  be  maintained  horizontal  during  the  measurement 

As  discussed  above,  the  VHN  remains  a constant  at  P>?c.  The  value  of  Pc  must  be 
determined  in  advance.  P(  can  be  evaluated  ftom  the  plot  Ulusrmiing  the  relationship 
between  Ihe  VHN  and  Ihe  applied  load(fiom  10  g to  200  g).  In  Figure  3.10.  VHN  of  the 
gel-silica  samples  increases  as  the  indentation  loads  SO  g.  A load  of2300g  induced 
cracks  on  the  gel-silica  sample  easily  which  made  it  hard  to  obtain  a "qualified’'  indentation. 
Therefore,  it  is  found  Oom  the  above  results  that  Pc  is  - 50  g.  A load  of  100  g is  used  in 
this  study  to  avoid  ISE  and  no  crack  was  observed  around  the  indentation  during  testing. 

Figure  3-11  shows  theincreasing  VHN  of  gel-siiica  glasses  with  incteasing 
densificationiemperanirefrom  180“C.600'C.87y’C.900'C.lol000'C,  Figure  3-12 
illusuales  a relationship  between  the  VHN  and  the  bulk  density  of  the  gel-silica  glasses. 
The  bulk  densities  of  each  gel-silica  sample  are  1 .02.  1.26.  1.46,  1.59.  1.82.  2.2  gAt.c., 


580- 


IndenUtion  load  (g) 


Figure  3.10  A reladonship  between  the  meuured  racrohaxdn^  of  a paniaJly 


Temperaiure  (°C) 


Bulk  Density  (g/c.c.) 


Figure  3.12  Vickers  I 


r of  gel-silica  glasses  at  increasing  bulk  density. 
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respectivdy.  VHN  of  the  gel-siliu  sample  increases  as  ihe  densificarion  umpeianire  and 
the  buU:  density  increase.  Especially  above  900°C,  the  VHN  of  ihe  gel-silica  gloss 
increases  drastically.  These  relationships  are  cansistem  with  results  repeated  by 
Vascwicelos(V2s39a|. 

The  low  VHN  below  -900°C  of  Ihe  gel-silica  glasses  may  be  amibuted  to  the  Urge 
amount  of  open  poresiiy.  When  the  sintering  temperature  is  above  900°C,  viscous  flow 
occurs  which  enhances  the  densificaiion  intensively.  The  VHN  reaches  a maximum  value 
of  812±18  of  a fully  dense  gel-silica  glassiprovided  by  CelTech  Inc.). 

In  conclusion,  the  VHN  of  a gel-silica  glass  is  increasing  with  increasing  bulk 
density  or  densificanon  temperature.  When  the  slntenng  lempeianire  is  above  900°C,  VHN 
increases  considerably  when  viscous  flow  occurs.  Thus,  miciohanlness  is  a feasible 
method  to  investigate  variations  of  surface  properties  of  gel-silica  monoliths  at  various 
levels  of  densification-  However,  the  Independent  load  should  be  determined  before 
VHN  measurements  are  made. 

The  large  change  In  VHN  associated  with  viscous  sintering  of  a porous  gel-silica 
glass  supports  the  concept  of  using  local  laser  headng  on  the  surface  of  the  gel-silica  glass 
to  create  an  extensive  change  in  local  density  and  VHN.  The  difference  of  VHN  and 
density  between  the  irradiated  and  un-iriadiaied  region  on  the  surface  of  the  porous  gel- 
silica  glass  can  then  be  used  to  produce  an  optical  device.  This  is  because  an  optical  device 
requires  changes  in  Ihe  refractive  index.  Therefore,  if  it  is  assumed  that  the  VHN  change 
or  the  bulk  density  change  is  proportional  to  the  re&active  index  change,  changes  in  VHN 
will  also  result  in  gradients  in  refractive  index  within  the  substrate. 


i.6  0glicalPTOMrtigs 


3.6.1  UVmS/NIRSMCgQSCQDY 

UVA'IS/NIR  specira  from  180  to  3200  iini  were  measured  using  a Perkin-Elmer 
Lambda-9  UV-VIS-NIR  Specirophotomeier.  The  0-H  stretching  vibration  of  the  surface 
silanol  groups  with  their  overtones  are  ofien  observed  in  this  range|Wal91 1. 

Figure  3-13  shows  two  UV/VIS/NIR  spectra  of  a Type  VI  porous  gel-silica 
glass(a)  and  a fully  dense  gel-silica  glassfb).  The  objecuve  of  this  figure  is  to  contrast  the 
difference  of  uansatission(%)  between  these  two  gel-silica  glasses,  one  is  porous,  the  other 
is  fully  dense.  The  absorption  bands  in  speciniinfa)  is  due  to  the  0-H  stretching 
vibrations,  its  overtones  and  combination!  Wal9I]|Pei91|.  Absoiption  bands  in  the  spectra 
are  listed  as  follows: 

(l}Absorptional  2.82  pm  is  attributed  to  the  O-H  stretching  vibration  of  surface 
silanol  groups  hydrogen  bonded  to  water  molecules|WaJ91J. 

(2) Absorption  at  2.732  pm  is  annbuted  to  the  O-H  stretching  vibration  of  adjacent, 
vicinal  silanol  groups  hydrogen  bonded  to  each  otherfWal91|. 

(3) Absorption  at  2.657  pm  is  attributed  to  the  O-H  stretching  vibration  of  isolated 
surface  silanol  groups,  the  peak  at  1.365  pm  is  its  ovenone|Wal9I|. 

(4) Absorption  at  2.20  pm  is  attributed  to  the  combination  of  stretching  vibratirats 
forstlanols  with  a comtibution  fiom  the  bulk  matrix [Per9 1 1. 

(5) Absorptionai  1 .90  pm  is  attributed  to  the  combination  of  stretching  and 

(6) Absorption  at  1.46  pm  is  attributed  to  O-H  stretching  vibration  in  water 
molecules  hydrogen  bonded  to  surface  silanol  groups(Wal91|. 

Other  overtone  and  combination  vibrational  peaks  of  paroally  densified  silica  are 
discus.sed  in  detailed  by  Hench  et  aI[Hen90aj.  These  absorption  bands  in  spectrum  (a)  of 
the  partially  densified  silica  gel  can  be  eliminated  by  farther  dehydiation  and  densificatioa 


Figure  3. 13  UV/VIS/NIR  transmissions  of  (a)  a Type  V7  porous  gel-silica  glass  and 
(b)  a Type  V full  density  gel-silica  glass. 
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as  shown  inspectninKb).  Specmim(b)^a  fully  dense  gel-silica  glass  cxhibii  high 
tfansmission  from  200  lo  3500  tmitHen88|(as  160-4200  nm  discussed  in  fHen90a|).  Due 
mUiis  excelleni  optical  propeny.  gel-silica  glasses  are  very  suitable  to  be  used  as  a 
substrate  to  make  a wave-guiding  device  which  requires  low  optical  loss  and  wide  band 


Reflection  methods  provide  a valuable  means  of  examining  materials  that  am  too 
opaque  for  transmission  expetimenls|Hai67|.  Hair  discussed  that  the  spectium  of  reflected 
light  is  as  uniqueioamatetial  under  investigation  as  its  transmission  spectnjm|Hai67|. 

The  penetration  depth  of  IR  is  on  the  order  of  a waveJength  of  the  radiation  and  depends 
upon  the  refractive  indices  of  both  phases  and  the  angle  of  incidence.  So  intensities  freun 
internal  leflectionfor  Attenuated  Total  Reflection),  a reflection  from  the  pertetrating  IR 
beam,  may  be  counted  in  the  specular  reflectance  spectrum.  However,  the  varying  angle  of 
incidence  and  phase  change  of  the  reflected  light  must  be  considered  in  structural 
interpretations  of  the  wavelength-intensity  dqrendenct. 

The  intensity  of  reflectivity  also  depends  on  the  surface  roughness  of  the  lest 
sample.  However.  Sanders  and  Hench  et  ai.  found  that  grinding  a glass  surfacefwitii  low 
soda  content)  with  a SIC  paper! 600  grit)  lesulied  in  a very  reproducible  surface  in  the  IR 
reflection  study(San74|.  The  specua  (i.e.  peak  posiiions)is  not  changed  due  to  sample 
roughness[Woo88]. 

Surface  FTIR  reflectivity  spectra  show  high  intensity  in  the  molecular  absorption 
legion.  Heaney  ei  al  studied  the  reflectance  of  fused  silica  from  10  id  iOOOO  cm-‘[Hea83|. 
There  are  two  dominant  peaks  at -1 100  enr'  and -800  cm  * in  the  reflectance  spectra  of  a 
1 .5  mm  thick  Suprasil  W where  there  is  zero  transmission.  These  two  peaks  can  be 
assigned  to  asymmetiicf  AS)  and  symmeiiicfSS)  Si-O-Si  bond  stretcNng  vibrations 


|Ber82). 


Almeida  discussed  ihe  i 
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of  vitreous  silica  ai  20“-off  nonnal 
Incidence.  The  results  showed  that  the  band  between~1200-l260cm->  is  associated  with 
the  LO  mode  of  the  SiO-Si  asymraeiric  bond  stretching  vihration(Alm90].  The  ~l  1 20  cnr 
I band  in  the  infrared  reflectivity  spectrafoblique  incidence)  of  vitreous  silica[CalS3|  can  be 
associated  with  the  TO  mode  of  the  Si-O-Si  asyminetiic  bond  stretching  vibrationfAS). 

The  peak  at  940  cm''  is  assigned  to  a stretching  vibration  of  an  estemal  SiO' 
group(NBO)|Alm901. 

It  is  concluded  that  the  dominant  peaks  in  the  reflectance  spectra  of  amorphous 
silica  are  due  to  the  AS  and  SSU  122cnr'.  782cm'')  absorption  vibrations.  In  an 
absorption  spectrum,  the  AS  and  SS  absorption  vibrations  are  shifted  to  different 
frequencies  as  lOSfkmr'  and  810cm  '.  lespecdvely.  This  indicates  a struciutal  diRerence 
ettisls  between  the  surface  and  the  interior  of  the  silica  glass. 

In  section  2.4,  review  of  FTTIb.  iheshifiin  AS  and  SS  absorption  vibrations  of 
silica  gels  densifted  at  different  tempenitures  indicates  that  fR  spectra  are  destsity*sensitive 
The  shift  in  AS  peak  is  related  to  the  degree  of  densiiication  of  the  silica  gels.  Thus,  the 
density-sensitive  shifts  can  be  used  to  identify  Ihe  struciuial  changes  and  evaluate  the 
change  in  bulk  density  of  the  silica  gels. 

3.6.3  FTIR  Reflectance  Mictospecira  Analysis 

Micro-IR  spectra  of  gei-sibca  glasses  were  obtained  by  using  a Nicolel  20SXB 
FTTR  microspectroscope  at  normal  incidence  with  resolution  of  O.S  cnr'.  The  instnimenl 
is  equipped  with  an  optical  microscope  and  a computer  data  station.  This  technique  records 
infrared  spectra  on  areas  of  a sample  by  using  an  infrared  transmitting  optical  microscope. 
Currently,  the  diffraction  limll  of  infrared  radiationf  10-20  pm)  is  the  Umlting  condition  for 
obtaining  absolute  spccmfimn  a given  urea  oramaleniil|Mes88|.  In  this  snidy,  the 
investigated  region  was  reduced  to  a diameter  of  100  pm  by  using  a pinhole  which  is 


beyond  die  dlfCraciion  limii.  IR  radiadon  (not  polarized)  was  focused  on  ihe  sample  at  zero 
incideni  angle,  Le  at  normal  incidence.  Specularly  reflecud  energy  was  deiened. 

Fifuie  3.14  illusoaies  the  lefleciance.  using  micro-FTIR.  of  four  gel-silica  glasses. 
180°C(OI),  800'C(G2),  1000»C(G3).  and  I ISCfaCd)  from  700  ra  1500  cm  *.  Tlie 
refleciances  shown  on  ihe  Oguro  of  each  sample  are  based  the  same  scale  from  0 to  100%. 
The  peak  maximum  positions  arc  also  indicated  on  die  figute. 

(l)The  peak  al  - 1 120cm->  is  assigned  as  a ASj  TO  modelBer82|[Luc87)[Kir88]. 

<2)The shoulder ai - 1200cm  '. aitribuied loan  asymmeiric Si-O-Si stretching 
vibration,  is  assigned  as  a ASr  TO  mode|Kir88). 

OITle  peak  at  --  940  cm''  is  attributed  to  a stretching  vibtaiion  of  external  Si-0' 
groups,  a typical  Si-OH  stretching  model Ber821[Dur86). 

(4)The  peak  at-  810  cur'  is  assigned  as  a SS  TO  mode  by  KirkfKir88|. 

As  the  incident  angle  in  the  reflectance  spectrum  is  zero,  only  the  TO  vibradonal 
mode  can  be  observed  due  to  the  Beneman  effect.  This  is  because  the  electromagnedc 
waves  are  transverse  and  Ihe  iR  radiation  can  be  absorbed  by  TO  phonons  and  not  by  the 
LO  phonon  s|ICir88]. 

The  peak  maximum  posiiionfPMP)  of  G1(180“C)  at-1084  cm  ' has  the  lowest 
intensity  comparadvely.  It  is  intensified  at  incieasing  densificaiion  temperature.  There  is 
also  a major  shift  in  iheASi  TO  mode  from  1084  cm  ' of  a dry  gel  to  a higher  frequency  of 
1122  cm-'  for  a fully  dense  gel-silica  glass.  The  resulting  shift  in  the  peak  maximum 
position  of  the  gel-silica  glasses  is  equal  to  38  cm-'  from  dried  density  to  full  density. 

The  other  minor  shift  of  SS  TO  mode  found  in  Figure  3.14  Is  787  cm-'  for  a dry 
gel  The  SSTOmodemoveslaaloweffrequencyof732cm-'forafrillydensegel. 
However,  there  is  an  increase  in  intensity  of  this  mode  at  increasing  densiHcation 
lempetaiure. 

The  assigned  ASt  TO  stretching  mode  at  ~1 122  cur' of  a full  density  gel-silica 
glass  in  Figure  3. 14(at  normal  incidence)  is  close  to  the  reflectance  vibrations  at  -1 122- 


93 


3»m3ru3)j 


94 

1 12S  car'  of  vitreous  silica  (at  oblique  incidence,  near  normal  or  20-70°  ofT- 
normal)|Sim53|[San74]|CalS31|Alm90|.  This  means  that  once  the  |el-silica  glasses  are 
fully  denafied.  they  become  strucnually  like  a commercial  fused  silica  glass. 

The  inlensificadon  in  the  AS]  TO  mode  with  densificanon  is  consistent  with  the 
findings  of  Sanders  ci  al.  They  showed  that  as  the  %LijO  incieasesior  Si02%  decreases) 
in  lithia-siUca  glasses,  the  AS|  reflectance  decieases.  The  increase  in  %U20  resulted  in  a 
more  open  glass  structure.  Since  the  AS|  TO  mode  is  a network  vibration  mode  its 
intensity  should  increase  with  increasing  SiOj  content  They  concluded  that  infrared 
reflectances  are  piuponional  to  the  concentradons  of  the  vibrational  species  causing  them 
|San74|. 

In  this  study,  as  the  thermal  densiheadon  consolidated  the  silica  network  there  is  an 
increase  in  the  concentration  of  the  vibrational  species.  Consequendy,  the  intensity  of  the 
AS]  TO  mode  increased  as  the  density  of  the  gel-silica  glass  increased. 

A shift  in  the  ASi  TO  (-38  enr ')  mode  reveals  the  extent  of  the  molecular  structural 
change  and  is  indicative  of  consolidation  of  the  amorphous  structure.  As  the  densificanon 
tcispetanire  increases,  there  is  a larger  inttaietrahedral  bond  angle.astmngerSi-0  bond 
strength,  and  a shorter  bond  length. 

The  longer  bond  length  of  a dry  gel  may  be  attributed  to  the  hi^  surface  area  and 
the  high  conceniradon  of  silanols  on  the  pore  surface.  Water  adsorbed  on  the  pore  surface 
resulted  in  structural  dUadon|Sch861|Wes90a||Wes90b|.  The  longer  bond  length  of  a dry 
gel  resulting  in  a smaller  bond  angle  may  be  attributed  to  less  repulsive  foiees  between 
oxygens  at  the  cceners  of  silica  letrohedra.  This  conclusion  is  in  agreement  with  Waliafen 
that  adecreaseuuhe  mean  equilibrium  bond  angicfintraietiahedial  bridging  oxygen)  also 
corresponds  to  an  increase  in  the  mean  equilibrium  Si-Obond  Iengih[Wal861. 

The  peak  at -940  cm  * in  adiy  gelis  due  to  the  vibradon  of  Si-O' groups,  a typical 
Si-OH  stretching  vibradon.  TTiis  indicates  a high  concentration  of  silanol  groups  in  dry 
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gels  which  decrease  in  imensiiy  and  disappear  when  ihe  gel-derived  glass  undergoes  a 
polycondensation  process  during  densificaiion. 

In  agreemeni  widi  die  iiteramre.  the  peak  at  -800  cnr'  is  assigned  to  a SS  TO 
vibration  and  is  atirihuied  to  ihe  formation  of  Si-OSi  bonds  as  a result  of  thetmal 
densification|Dur86||Kir88|.  It  U known  that  as  the  dcnsifieation  temperature  of  the  gel- 
silica  glasses  increases,  consolidation  occurs  and  the  formation  of  the  Si-O-Si  bonds  are 
increased.  Thus  the  SS  TO  mode  of  the  gel-siUca  glass  is  intensified  as  Ihe  denslfication 
temperature  increases. 

3.6.4  Refraciive  Index  Analysis  at  0.633  urn 

Refractive  indices  of  pwous  gel-silica  glass  are  difftculi  to  obtain  due  to  the 
absorption  of  liquid  or  water  vapor  into  the  pores.  The  radius  of  the  pore  of  the  porous 
gel-silicaglass  is --12A  which  is  so  small  that  it  enhances  adsofblion  due  to  capillary 
forces.  Therefore,  it  is  in^iossible  10  use  a commercial  refraciometer  for  index 
measuremenis  of  pottTus  gel-silica  monobths  because  the  test  sample  must  contact  index 
maiching  liquids. 

A useful  technique  is  developed  herein  to  obuun  Ihe  restive  index  of  porous  silica 
gel-siUca  monoliths  by  measuring  ihe  noimaJ  reflectivity  of  the  gel-silica  sample  without 
any  liquid  contaci  The  refractive  index,  n , of  the  silica  glass  can  be  calculated  from  the 
normal  reflectance.  Rs(%) . at  the  wavelength  of  632gA  by  using  the  formula  Usted  as 


R,  = klk.R, 
» Irib  ' 

iWr, 


(3.15) 


(3.16) 


: R;  and  RX-20.  l%)aje  die  normal  leflecnvides  of  ihe  gei-silica  sample  and 


the  reference  maieiial.  Is,  Ir . and  lb  are  die  measured  btensides  of  the  gel-silica  sample, 
reference  material,  and  the  background.  rc.specDvely.  A reJleciomeier,  a microscope 
equipped  tviih  an  optical  source,  is  used  to  obtain  the  normal  leflecdvities  of  the  gel-silica 
glasses.  A SiC  crystal  is  used  as  a reference  material  due  to  ns  high  reflectivity.  The 
leEiactive  index  is  calculated  according  to  equations  (3.15)  and  13.16).  Gel-silica  glasses 
are  dried  and  heated  to  lSCf^2in  a vacuum  oven  immediately  before  the  leflecdvity 

Cel-silica  samples  measured  in  this  study  are  densiTied  at  I80°C6I5°C,  900°C, 
and  11S0°C  The  corresponding  bulk  densides  an:  1.06(AI.  I.06/2.2=4g%  densified), 
1.2(XA2,  54%),  1.45(A3,  66%)  and  2.2(G4, 100%).  respecdvely.  Results  are  shown  in 
Table3.I.  The  difference  in  rehocdve  index  is  An.  Forinstance.  An  = n-1.24  isobioined 
based  on  then  value  of  the  dry  gel(n=1.24).  Table  3.1  shows  that  the  refracdve  index 
increases  as  the  bulk  density  of  tbe  gel-silica  glass  increases. 

Thb  approach  of  obtaining  the  leftacdve  index  of  die  porous  materials  is  clean, 
reliable,  and  easy  to  use.  It  is  found  that  the  retedve  index  is  -linearly  propoitional  to  the 
degree  of  densificaiion  which  will  be  discussed  in  the  following  secdon.  The  data  of  the 
refractive  index  of  the  fully  dense  gel-silica  glass  is  consisieiu  with  Hench  ei  al[Hen88]. 

Figure  3.15  Ulustraies  a linear  relationship  between  the  refractive  index  and  the  bulk 
density  of  the  gel-silica  glasses.  The  densification  temperanire  of  each  gel-silica  sample  is 
also  indicated  in  the  figure.  The  linear  relationship  of  itiractive  index  of  the  gel-silica  glass 
with  the  bulk  density  is  consisiem  with  Hench  et  al.  shown  in  Figure  3.l6[Hen90a|.  In 
Figure  3.16  the  results  showed  that  the  refractive  indices  of  the  ctyslalline  silica  phases, 
quartz,  ciislobalile,  tridymiie  and  the  gel-silica  glasses  are  proportional  to  die 
cotiesponding  densities  of  these  materials.  Within  the  expeninemal  error,  the  results  can 
be  predicted  by  Lorena-Lorenzequation[Kin76]. 


Table  3.1  Degree  of  densification  and  coiresponding  refractive  indices  and  index  change  at 
632.8  nm  of  gel-silica  glasses. 


Densificaticn(%l 

Refiiedve  (ndex 

An 

48 

1-24 

0 

54 

1.27 

0.03 

66 

1.31 

0.07 

100 

1.46 

0-22 

Bulk  Density  (g/cx.) 


1 : Etense  gel-silics 
1900“Cgd-silica 
3:615°C  gei-silica 
4: 180'C gel-silica 


densities  of  the  gel-siiica  glosses.  Densification  lempeisnires  are  indicated 


Figure  3.15 
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Density  (g/cm^) 


Figure  3.16  Indices  of  refracuon  versus  densides  of  gel'Silica  glasses  and 
crysiaUines  phases,  after  [Hen901. 
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In  this  study,  the  nfraciive  index  of  the  |el-sUica  glasses  increases  as  the 
polycondensaiion  pnxteeds  during  the  thermai  densificaiion.  This  behavior,  an  index 
change  proportional  to  density  change,  is  consistent  with  Fiori  el  al.  They  showed  that  the 
density  and  the  lehncdve  index  of  amorphous  silica  polymorphs  obey  an  essentially  linear 
relationship,  when  the  increase  in  refnctive  index  of  the  amorphous  silica  is  increased  by 
applying  a compressive  prcssure|Foi86]. 

In  addition,  in  Figure  3.15  and  3.16,  the  results  showed  that  the  silica  gel  optics 
can  be  heated  to  specific  lemperaniiEs  to  obtain  a required  combination  of  density  and  the 
refractive  index|Hcn90a|.  This  lesuli  also  support  the  concept  of  enhancing  densUicadon 
of  Type  VI  gel-silica  glass  using  loser  heating.  Accmiing  to  the  above  discussion,  the 

laser  heated  region  can  be  used  as  an  optical  device  that  is  based  on  a ttfraciive  index 


3.6.S  Refraedve  Index  at  3.57  urn 

The  corresponding  refraedve  index  change  at  3.57  um  is  analyzed  by  using  a 
Kramers-Kronig  cansformatlon  described  in  Appendix  L A refraedve  index  spectrum  can 
be  obtained  from  a reflectance  spectrum  at  normal  incidence  if  the  reflectance  is  measured 
over  a sufficienily  large  frequency  range.  The  choice  of  the  waverumbetf  or  wavelength) 
to  obtain  the  specific  refraedve  index  should  avoid  high  absorption  bands  like  the  Si-O-Si 
smtehingvibradon  at -1 100  cm-' or  the  O-H  stretching  vibradon  at -3750  cm-'.  The 
selecled  wavenumber  is  at  3J7  pm  for  the  refraedve  index  study  in  the  infrared  range. 

Figure  3.17(a)  shows  a typical  normal  reflectance  micro-specmim  of  a fully  dense 
gel-silica  glass  wilh  resolution  of  0.5  cm-'.  A leftacuve  index  spectrum  is  shown  in  Figure 


3.17(b)  and  a corresponding  absorbance  spectrum  in  (c)  which  is  transformed  frot 
The  strong  absorption  peaks  in  spectra  (a)  and  (c)  are  mainly  aiiribuied  u Si-O-Si 
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sirelchiiie  vibrations.  The  transformation  of  the  spectrum  is  executed  by  using  Ktaoiets- 
Kmnig  methods  in  a LabCaJ  software.  The  method  is  desctibed  in  Appendix  [.  The 
rasulting  absorbance  spectrumicl  is  equivalent  to  the  absorbance  measurement  of  a 0.01 
mm  thick  sample  of  the  matetial[Lab90|. 

Figure  3.18  shows  the  refractive  indicesdine  1)  at  3.57  pm  of  silica  gels  deitsiiied 
at  increasing  temperatures.  180“C(G1),  800"C(G2),  lOOfFC  (G3),  and  1150T(G4) 
provided  by  GELTECH  Inc.  The  bulk  densities  of  each  gehsiiica  sample  are  1.08 
(1.08/2.20=49*.  degree  of  densificarion).  1.19(54*),  1.40(64*)  and  2.2  g/c.c.dOO*). 
respectively.  The  refractive  index  of  the  gel-silica  glass  increases  linearly  with  increasing 
degree  of  densiricadixi(%). 

Therefracdve  indices  of  gel-silica  glasses  at  0.633  pm  is  given  in  Table  3.1  and 
also  shown  as  line  2 in  Figure  3.18.  The  refractive  indices  at  3.57  pm  is  larger  ihan  the 
lefracDve  indices  at  0.633  pm.  although  both  are  proportional  lo  the  degree  of  densificarion 
of  the  gel-silica  glasses.  The  difference  in  n between  the  two  wavenumbers  is  due  to  the 
dispersion  of  silica.  The  data  bdicatc  that  dispersion  decreases  as  densiiicadon  is  greater. 
This  study  shows  that  the  lefracdve  index  as  well  as  the  reflecdvity  of  the  gel-silica  glass 
increases  as  the  densificadon  lempetatute  increases.  The  index  change  must  be  attributed 
primarily  to  the  coitsolidadon  of  the  gel-derived  glasses  at  an  elevated  deosificadoa 
temperature. 

Consequently,  the  rellectancc  spectrum  of  the  gel-silica  glasses  art  not  only 
sensidve  to  a density  change  but  also  sensitive  to  the  celracdve  index  change.  The  index 
change  at  3.57  pm  can  be  obtained  by  transforming  the  reflectance  specmim  using 
Kratners-Kronig  methods. 
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Figure  3.18  Refractive  indices  ai  3.57  tim<line  1)  and  ai  0.633  yindine  2)  of  gel- 
silica  glasses  at  increasing  degrees  of  densificaiion. 


104 


This  coinposile  diagram  is  lo  illusmie  a relationship  between  die  refractive  index  at 
0.633  pin  and  die  peah  maximum  poationiPMP)  of  the  gel-silica  glasses.  This  diagram 
can  be  used  to  predici  the  refractive  index  by  using  the  FTIR  tnicrospectroscopy  which  is 

The  left  side  of  Figure  3,19showsihePMPof  theASi  TO  mode  of  the  gel-silica 
glasses,  Gl.  G2.  G3,  and  G4  as  a function  of  the  bulk  density  (pmvided  by  GELTECH 
Inc.).  The  peak  maximum  positions(PMP)  of  gel-silica  glasses  G1-C4  arc  obtained  from 
die  IR  refieciance  spectra  in  Figure  3.14.  The  right  side  of  Figure  3.19  is  the  refractive 
index  at  0.633  pm  of  die  gel-silica  glassesiprepared  by  author  except  the  fully  dense  gel- 
silica  glass) calculated  from  the  notmal  reflectivity  inequations  (3.13)  and  (3.16).  The 
bulk  densities  of  each  silica  gel-silica  glass  for  the  refractive  index  study  are  1.06(AI, 
densified  at  180“C).  1.2(KA2. 615°C),  1.45(A3, 900“C),  and  2,20  gfc.c.(G4, 1 i50“C), 

Figure  3. 19  shows  that  the  maximum  change  in  FMPis38cnr'.  The  maximum 
change  in  the  refractive  index  is  022.  Thus,  these  is  a linear  relationship  benveen  the  bulk 
density  and  the  change  in  optical  properties,  even  though  these  pure  gel-silica  glasses  are 
prepared  at  different  densificadon  temperatures. 

From  Figure  3.19.  it  is  shown  that  the  IR  spectrum  is  density-sensitive,  die  change 
in  the  peak  maximum  position  is  large  as  a function  of  the  bulk  density  of  the  gel-silica 
glasses,  and  the  corresponding  refractive  index  of  the  gel-silica  glasses  at  0.633  pm  can  be 
evaluated.  Conversely,  if  the  bulk  density  of  the  gel-derived  glass  is  known,  both  the  peak 
maximum  position  and  the  refractive  Index  of  the  maieriai  can  be  estimated. 

For  example,  the  refraedve  Index  ofagel-siiica  sample  with  bulk  density  1.91 
g/c.c.  can  be  determined.  Estimated  from  Figure  3.19,  the  cones 


spending  PMP  is  1112.5 
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Figure  3.19  Peak  maximum  posidon(PMP  allefi  side)  of  gel-sliica  glass  substrates  with 
differem  bulk  densities  densified  at  different  lempenuures:  G1(1S0°C), 
02(800^).  G3(1000“C).G4(1 150"O.  and  refractive  index  n at  632.8  ntn 
(right  side)  of  Al(l80“O.  A2(615“0,  A3(900“C>.  and  G4(l  150*C). 


(at  0.633  iim) 


ciD'‘  and  (he  corresponding  n is  1.405  ai  0.633  The  measured  PMP  IlOScm'iof  this 
gel'Silica  sample  is  close  to  the  estimated  PMP  IU2J  cm'*. 

This  linear  relationship  can  be  used  to  evaluate  n in  the  viable  range  for  the  Type  VI 
pure  gel'Silica  glasses  if  the  bulk  density,  or  the  peak  maximum  position  is  known.  These 
values  can  be  obtained  easily  and  accurately  using  a meitniiy  pycnometer  and  FT1R  micro- 


3.7  rpnclusicns 

In  this  study,  gel-silica  glass  substrates  are  densified  at  1000°C  with  chemical 
stabilisation.  Each  processing  step  of  the  gel-derived  glasses  was  carefully  optimized  to 
achieve  reproducibiUty  of  the  optical  substrates.  Crucial  processing  steps  include  drying, 
themal  stabiliauon,  and  chemical  stabilization.  These  gel-silica  glasses  with  high  bulk 
density  above  l.80gh:.c.  were  used  for  further  laser  densificadon. 

Chamclerizanon  of  various  properties  of  the  gel-silica  gloss  during  densificadon  are 
demonstrated.  Mechanisms  of  the  physical,  thermal,  mechanical  and  optical  properties  of 
the  gel-silica  glasses  are  discussed.  The  drastic  piopeny  change  of  the  gel-silica  glass  at 
900°C  suppon  the  concept  of  laser  enhanced  densificadon.  The  optical  results  demonsnaie 
a high  optical  transmission  of  a Type  V fully  dense  gel-siUca  glass  over  a wide  range  of 
wavelengths. 

FITR  microspeciroscopy  provides  a mean  of  structural  investigation  of  the  gel-silica 
glass.  This  technique  is  demonstrated  to  be  sensitive  to  density  of  the  gel-silica  glasses  due 
to  the  shift  in  the  AS|  TO  mode.  The  consolidation  of  the  geJ-silica  network  was  followed 
by  observing  the  changes  in  the  ASi  TO  mode  in  a normal  incidence  reflectance  spectrum. 
As  the  densilication  temperature  increased  from  150  to  i IS0°C,  it  was  observed  that  this 
band  changed  in  intensity  as  a result  of  increasing  concentrations  of  the  vibrational 
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specicstASof  Si-O-Si).  The  wavemunber  ofilie  AS  peak  shifted  towards  higher 
frequencies  as  a result  of  polycondensanon  and  densification  of  the  silica  network. 

Refractive  indices  of  the  gel-silica  glasses  in  the  visible  range  can  be  calculated  from 
normal  reflectivity  using  equation  (3.16).  The  refractive  indices  of  the  gel-silica  glasses  at 
3 J7  |lm  can  be  obtained  from  a normal  renectimce  spectrum  using  a Kiamers-Kioiiig 
method.  Conversely,  the  linear  relationships  in  Figures  3.15  and  3. 19  can  be  used  to 
evaluate  n in  the  visible  range  for  the  Type  VI  pure  gel-silica  glasses  If  the  bulk  density  or 
the  peak  maximum  position  is  known. 

The  relationships  between  structural  characietistics  of  the  porous  gel-glass  matrices, 
such  as  bulk  density,  and  optical  piopetties,  especially  index  of  teOactive  index,  make  it 
possible  to  develop  optical  devices  by  use  of  locaUzed  densificodon  with  a COj  laser. 


CHAPTER4 

LASER  DENSIFICATION  OF  GEL-SILICA  GLASS 


4.1  Imrotjucnan 

MiCTolenses  discussed  in  this  chapter  are  used  as  opdcal  elements  tn  optical 
communicadon  and  data  processing  systems[ShiS7].  They  may  also  provide  opdcal 
interconnections  in  a very  large  scale  integrated  circuit  (VLSI)  sysiem(Iga82|.  Techniques 
used  to  fabricate  microlenses  include  dopant  di^usion,  photolyric.  mass  transport,  mesa 
etching,  UV  lithography,  electron  beam  lithography  artd  thin  iilm  deposjdon[Shi87| 
[Boc«S||Oik82]|LU89|(Jah90||Shi87|[Talg4|.  Most  of  these  techniques  involve  tedious 
andprocess-sensidve  steps.  The  diameters  of  the  resultant  microlenses  range  Irom  few 
micrometers  to  a few  millimeiers  depending  on  the  fabrication  techniques  and  applications 

We  describe  a fabrication  process  for  miciolenses  using  laser  densificatian  with  a 
CO?  laser  fmaninmm  power  - 25  W)  ttn  porous  gel-silica  glass  substrates.  The  porous 
substrates  are  termed  Type  VI  gel-silica  glasses  [Her88].  During  the  furnace  densification 
of  the  gel-silica  glass,  the  bulk  density  is  increased  and  the  optical  properties  are  improved. 
In  this  study,  laser  healing  is  introduced  to  enhance  the  densification  of  the  partially 
densified  gel-silica  glass,  also  reported  by  Ramaswaniy  ei  al.|Ram88)  and  iOng  ei  al. 
[Sha89|[Kln90c]IKIn92|.  King  and  Shaw  have  established  upper  and  lower  ihreshtrlds  for 
Ihe  laser  densification  on  Type  VI  gel-silica  glasses. 

Laser  densificarion  is  a direct  technique  that  simtdtarteousiy  improves  the  opdcal 
performance  of  the  la.ser  irradiated  area  and  produces  the  focusing  lens  in  the  substrate. 
Laser  densiheabtm  is  useful  because  bulk  density,  mechanical  snenglh,  optical 
trantmiitance  ate  improved  as  the  densification  temperanire  increases,  as  discussed  in 
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; compadbilily  wiih  liber- 
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Advantages  of  using  gel-silica  glass  as  a substrate  is  the 
optic  material  as  discussed  andawiderangeofhi^  optical  transmission  for  a fully 
densified  siiica  gei-silica  glass  is  achieved  with  good  optical  transmission  from  200  nm  to 
3SOOnm|Ken88|.  In  addition,  the  temperatures  induced  by  laser  heating  in  the  inadiaied 
region  have  been  calculaied  using  compuis  generated  models  discussed  in  Chapter  7 
[Chi90|.  The  calculations  make  it  possible  to  design  laser  densUied  le&aciive  index 
profiles  in  agel-silica  subsirare. 

In  this  work,  opncalJy  nansparem  and  densilied  spots  in  the  range  of  1 mm 
diameter  have  been  made  on  die  partially  densified  gel-silica  substrates  by  using  a CO2 
lass  and  the  necessary  densification  conditions  established.  Corresponding  surface 
profiles  and  the  physical  a^arance  of  die  laser  densilied  spots  on  the  surface  of  the  gel- 
silica  substrate  are  shown  and  processing  conditions  are  described. 

The  irradiaied  area  on  the  gel-silica  substrates  is  more  dense  than  the  substrate 
based  on  the  measurements  of  the  Vickers  hardness  numbeifVHN)  and  die  peak  maxiiirum 
position  in  rmcro-FTIR  spectra  on  the  surface  and  the  cross  section  of  laser  densified  spots. 
Profiles  of  the  VHNand  the  peak  maximum  position  of  die  laser  densified  spot  are  shown. 

The  environmemal  siability  of  these  densified  regions  is  investigated  by  monitoring 
the  profile  of  VHN  on  one  spot  as  a function  of  time,  since  a previous  study  [RamSSJ 
[Slo90|  indicated  that  laser  densified  gel-silica  may  relax  with  time,  thereby  eliminating 
Index  of  refraction  giadlems  induced  by  the  COj  laser  beam. 

It  is  known  that  a strong  and  broad  absorpdon  ai  -3500  cm'i  of  the  porous  gel- 
sihea  glass  is  observed  in  the  FITR  absoiption  specmim.  Large  amounts  of  physical  water 
are  adsoriied  on  die  porous  silica  surface.  Two  approaches  are  required  to  prevent  the 
water  effect  on  the  laser  densified  region  and  increase  die  efficiency  of  laser  densification. 
The  first  appnuch  is  pumping  out  the  physically  adsorbed  water  of  the  gel-silica  sample  by 
heaang  the  gels  in  a vacuum  oven  up  10  ISKi.  The  second  approach  is  to  control  the 
humidiry  during  laser  densification.  Ail  laser  densified  spots  in  this  study  are  made  using 
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ihess  control  steps.  The  goal  of  this  v/ork  is  to  fabricate  a stable  laser  dcnsified  region 


4 21  Meihort  r»f  r JOT  DecsirMation 

Type  VI  porous  gel-silica  glasses  were  prepanad  by  using  a process  described  in 
Cbapier  3.  Type  VI  porous  inonoliihic  gel-silica  glasses  were  obtained  after  dehydration 


dcnsified  by  using  the  CO2  laser  heating.  Figure  4.1  illustrated  the  process  sequence  of 
sample  treatment  prior  to  the  loser  densficatioo.  Each  gel-silica  sample  is  characterized  by 
measuring  the  bulk  density,  called  the  starting  density.  Then  the  sample  is  heated  in  a 
vacuum  oven  at  150°C  for  about  two  hours  to  eliminate  the  physically  adsorbed  water  and 
mounted  on  0 holder  inside  the  sealed  glass  box  filled  with  nitrogen  at  a humidity  of-  18% 
RH. 

The  microlenses  are  made  on  partially  densiited  gel-silica  substreles  by  using  a CO7 
loser  in  a pure  TEMg)  mode.  Thclaserexposure  time  and  power  are  approximately  1 
second  and  16Wdependuigon  the  starting  densi^  of  (he  gel-silica  samples.  Figure  4.2 
shows  the  instrumental  arrangement  for  the  laser  densiitcation  process.  The  CO2  laser 
beam  is  focused  by  using  two  ZnSe  lenses:  the  focal  length  of  the  lenses  are  6 J3  and  2.34 

A computer-controlled  plotter  is  used  to  permit  lateral  fin  both  x and  y dirccDOTS) 
positioning  of  the  gel-silica  samples.  The  approach  to  enhance  the  densiiication  of  the  gel- 
silica  surface  is  to  translate  the  gel-silica  sample  in  from  of  the  focused  laser  beam 
continuously  to  obtain  a trackfusing  a fixed  y but  a moving  x valueX  or  in  a stationary 


I to  over  lOOCFC  These  porous  substrates  are  to  be  further 


t 


Figure  4.2  Ins 
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mode  10  obt&in  e minolens.  or  in  conseciuive  $teps  to  obtain  a microlens  airay(uniii|  fixed 

Vanables  in  the  laser  densirioaiion  process  are  laser  power  setdng(mA),  exposure 
tlinelseconds),  and  positions  in  x and  in  y direcDons(mm|.  There  are  two  distance 
variables  in  the  y direcdon.  One  is  the  distance  <L1)  fmm  the  Rrst  ZnSe  lens  (the  one 
attached  to  the  CO;  laser)  to  the  second  ZnSe  lens  (the  one  attached  to  the  sealed  glass 
box):  the  other  variable  is  the  distance  (L2)  ftom  the  sectxid  ZnSe  lens  to  the  gel-silica 
sample.  The  silica  gel-glass  is  in  a closed  glass  tox  purged  with  Nj  gas  to  mininuze  and 
control  humidity. 

The  power  of  the  CO2  laser  (maxiinum  power  - 25W)  ranges  from  lJWto20W 
and  is  controlled  by  selective  laserpowerseiiings  (12  mA  and  above)  and  pulse  width 
(0.01  second  and  above).  Figure  4.3  shows  the  resultant  laser  energy  obtained  by  vaiying 
the  pulse  widths  and  the  power  settings.  The  beam  ptoTile  of  the  CO2  laser  is  obtained  by 

A slit  (width  - I mm)  is  attached  on  the  window  of  the  detector.  The  shape  of  the  beam  is 
gaussian-like.  asillustreled  in  Figure  4.4. 

4.2.2  Methods  of  Charactenzaiion 

The  chatacieiuadon  of  the  laser  densified  spots  includes  surface  profile.  VHN,  and 
micro-IR  spectra.  Surface  protilcs  of  the  irradiated  spots  are  measured  by  using  a Deki^ 
surface  profile  measuring  system.  The  limit  of  the  depth  of  the  measurement  using  the 

The  laser  inadiated  spots  on  the  gel-silica  glass  are  characterized  using  a 
microhardness  tester  (LECO  Corporadon).  A load  of  lOOg  is  used  in  this  study.  This  load 
yields  load  independent  microhardness  values,  as  shown  in  Chapters.  One  advantage  of 
using  tnicrohardness  chaiactetizadon  is  that  a profile  of  the  VHN  can  be  obtained  because 


Figure  4.3  Corresponding  COj  laser  energy  or  varied  pulse  widths  and  power  settings. 


Position  (on) 


Figure  4.4  Energy  profile  of  the  COj  1 


used  in  this  siudy. 
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of  the  size  of  ihe  indemaiion  is  small  enougli<-20  |im  in  diameier).  The  diameier  of  ihe 
laser  densified  spot  is  > 1000  fim.  The  profile  of  VHN  on  the  inadiaied  spot  is  obtained 
by  making  a (rack  of  indetilations  across  the  den^fied  spot.  Stability  of  the  spots  is 
detomined  by  monitoring  the  VHN  piofile  as  a function  of  time  under  ambient  conditions 
of  humidity. 

Laser  irradiated  spots  are  also  characterized  by  using  a FTIR  spectroscope  equipped 
with  a tnicroscope  described  in  section  3.6.3.  Micio-lS  spectroscopy  is  a fast  and 
nondestructive  technique.  'This  technique  allows  an  immediaie  investigation  of  ihe 
smicitiralchangesoflhelaserdensiRedspoL  The tnicro-lR Investigatedie^on is  lOO 
pntiin  diameter)  along  ihediamcierofihe  laser  inadiaiedspoii-ldOO  pm).  A series  of  the 
[R  spectra  across  the  laser  densilied  spot  are  obtained.  Peak  maximum  positions  (cnr')  of 
the  laser  irradiated  spots  axe  determined  from  the  IK  spectra.  A profile  of  the  peak 
maximum  positionfPMP)  is  plotted  which  de,scribes  the  relationship  between  the  peak 
maximum  position,  which  is  proportional  to  density  and  index  ofteRacdon.  see  Chapter  3, 
with  the  invesdgated  position  across  the  laser  inadiaied  spot. 


To  create  opdcally  transparent  miciolenses  on  the  gei-silica  glasses,  specific 
combinations  of  laser  power,  exposure  time  and  focal  length  L2  are  required.  A composiie 
diagram  ( Figure  4.5>  illustrates  the  densification  conditions,  and  corresponding  surface 
profiles  of  the  transparent  spoison  the  gel-silica  glasses.  A three  dimensional  diagram  in 
the  lower  part  of  Figure  4 J shows  the  laser  densificatico  conditionsiwiihin  the  envelopes) 
required  to  make  optically  transparent  spots  on  the  gel-silica  glass  with  increasing  starting 


deoaiies  (a)=l-50±0.l0  g/c.c„  (b)=l.70±0.10  g/c.c.  and(c)=1.9ftt£I.I0  gfc.c.  The  three 
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r 


Figure  4.5  Laser  densificanon  condiiions  of  ihe  gel  samples  with  differeni 
dcnsili«.  Coms^ding  surface  profiles  of  poims  1,2, 


US 

ues  reprcMni  ihe  exposure  Dme(seconds).  ihe  power  setting  (mA)  end  die  starting 
densities  of  the  gel-silica  glasses,  respectively.  Within  the  process  control  envelopes  A,  B 
and  C are  the  densiiicaiion  conditions  (exposuie  times  and  power  sertingsl  of  the  COj  laser 
required  to  make  optically  transparent  spots  on  the  silica  gel-silica  glasses.  There  is  no 
furdier  densificanon  of  the  substrates  at  the  laser  densification  condidons  below  each 
dashed  line  and  envel^.  Above  the  ABC  regions  and  the  dashed  lines,  only  cracked  ce 
foamed  spots  can  be  produced  on  a silica  gel-silica  glass  substrate. 

Within  envelope  A arc  the  restricted  set  of  laser  condidons  for  densifying  the  silica 
gel-silica  glass  with  a bulk  density  -l.50±0.10  g/cm^  b envelope  B.  higher  power 
settbgs  and  longer  exposure  times  arc  required  to  cieale  tianspaientdensihed  spots  on  the 
silica  gel-silica  glass  with  Ugher  bulk  densiiy|-l  .7Clll).10  g/cm^).  b condidons  A and  B, 
constant  bser  focal  lengths  LI  and  L2  were  used. 

The  size  of  the  envelope  C is  larger  due  to  use  of  varied  focal  lengths  L2  (shown  u 
Table  4, 1),  Within  envelope  C are  the  densificadon  condidons  to  make  transparenl  spots 
on  a silica  gel  with  bulk  density  of  l.TOtO.lOglcm^.  The  three  daik  pobis  on  envelope  C 
are  the  densiiicadon  conditions  for  be  correspondbg  surface  pmfiles.  Table  4. 1 lists  the 
densificadon  conditions  of  these  three  pobls(  1.2.  and  3). 

Optically  transparenl  and  densified  spots  - 1 mm  b diameter  have  been  made  on  be 
partially  densified  gel-silica  substrates  by  usbg  a COj  laser  and  be  necessary  laser 
densihcadon  condidons  established.  Comparing  be  laser  processing  condidons  of 
envelopes  A and  B.  pulses  wib  subsiandally  greater  power  ore  required  to  prcduce 
opdcally  transparent  spots  on  a silica  gel  wib  a higher  siairing  density,  and  processing 
condidons  are  quite  ressicied  b both  A andB  regions. 

This  result  is  consisieni  wib  be  discussions  b secdon  3.4  bai  be  gel-silica  sample 
S3(densified  at  700°C)  has  a higher  amoum  of  permanem  shrinkage  ban  S2(densified  at 
900  ^C)  b be  same  bermaJ  analysis . Sample  S2(900  °C)  needs  a higher  bermal  energy  to 
furber  enhance  the  densiiicadon  and  to  re.stilt  b a larger  permanent  shrinkage  That  means 


Table  4.1 ; 


itdope  C of  figure 


Laser  dcnsiricarion  conditions  of  the  three  points  within  env 


Point 1 2 3 

PoweKmA)  12  12  16 

Pulse(see)  1.5  l.O  1,5 

Ll(cm)  12.70  12,70  12,70 

I2(cm) 1016 ^9 12.70 


energy  i«quire>j  lo  density  sample  52(900  °C)  is  larger 


S3(700"C).  The  gcl-siUca  sample  52(900  »C)  requires  a higher  laser  energy  to  create  the 
same  amount  of  the  permanent  shrinlcage. 

In  envelope  C.  use  of  a variable  focal  length  L2  enlaiges  the  possibilities  of  CO2 
laser  processing  to  make  optically  transparent  spots  on  gel-silica  substrates.  There  are 

elements.  Thus,  the  processing  conditions  desciibed  by  envelope  C will  be  used  to  make 
miciD-opcieal  lenses  arrays. 


Chaiacteriaation  of  the  surface  of  the  laser  inadiaied  spots  include  dimensions  and 
physical  appearance  at  various  laser  densifioition  conditions.  VHN  profiles  at  various  bulk 
deosides  and  laser  densificadon  cortdidons,  and  proftles  of  the  peak  maximum 
pcsidon$(PMP)  of  the  TO  AS  I vibradon  mode  of  the  laser  densilicd  spot  described  in 
section  3.6J. 

Piciures  of  the  physical  appearance  of  the  laser  irradiated  spots  are  obtained  using  a 
Nomaiski  microscope  which  is  sensitive  to  the  change  in  surface  reiiacdve  index. 
Therefore,  the  irradiated  region  can  be  easily  distinguished  from  the  unirradiaied  glass 
subsmiie.  The  VHN  profile  is  obtained  from  a track  of  indeniadons  along  the  diameter  of 
the  laaer  irradiated  spot.  The  maximum  VHN  of  the  gei-silica  glass  is  S12±18  which  is  the 
VHNof  afullydensified  gel-sibca  glass  obtained  in  section  3J.2.  The  peak  maximum 
position  of  the  TO  AS  1 vibration  mode  can  be  regarded  as  an  indication  of  the  degree  of  the 
deasidcation.  as  discussed  in  Chapter  3.  The  maximum  value  of  the  peak  maximum 
position  of  the  gel-silica  gloss  is  1 122  cnr'.  which  is  the  PMPof  a fully  dcnsified  gel-silica 
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Ii  is  found  ihai  die  dianeier  of  the  laser  irradiaied  s;«>is  on  the  gel-silica  sample 
increases  (i-e.  higher  heat  affected  area)  as  the  pulse  width  increases(i.e.  larger  incident 
laserenergy).  The  results  are  shown  in  Figure  4.6.  The  diameters  of  the  spot  on  a dry 
gel(bulkdenslty=l.07  g/c.c.)  ore  la^er  than  on  a partially  densiHed  gel-silica  glassibullc 
density=1.47  g/c.c.)  at  the  same  power  seidng.  The  laser  processing  parameters  are 
indicated  beside  the  figure.  These  results  show  dial  the  laser  enei^  requited  to  make  a 
deiisified  spot  on  a partially  densified  gel-silica  glass  is  larger  than  required  for  a dry  gel. 

Figure  4.7  shows  a typical  aiqiearance  of  a laser  uiadiaied  spot  on  a dry  gel.  The 
laser  processing  variables.  LI,  L2.  power  setting  l(itiA)  pulse  width  i (sec),  bulk  density  of 
the  san^le  and  dimension  of  this  spot  are  shown  on  the  tigure.  Cracks  are  usually 
observed  on  the  surface  due  to  the  weak  strength  of  die  substrate,  no  matter  how  the  laser 
densiiicaiion  conditions  are  arranged.  No  optically  transparent  spot  can  be  produced  on  a 
dry  gel.  Thus,  use  of  gel-silica  samples  with  a higher  stoning  density  produces  a better 
itiadiated  result,  i.e.eacelleniopdcal  transparency.  This  is  partially  due  to  the  higher 
strength  of  the  substrate,  discussed  in  Chapter  3.  Figure  4.8  illustrates  the  physical 
appearance  of  the  laser  irradiated  spots,  (a),  (b).  and  (c)  on  the  gel-siiica  samples  with 

the  irradiated  spots  (a),  (b).  and  (c)  are  1.1,  l.l.tuid2.4mm.re$pecdvely.  Optically 
transparent  spots  can  be  made  using  die  laser  densificadon  condidons  shown  on  the  righl- 
hand  side  of  Figure  (a)  and  <b).  If  excess  laser  energy  or  a shorter  focal  length  L2  ate 
used,  a foamed  spot  (c)  was  produced  due  to  the  trapped  watedpitduct  of  condensadon) 
expanding  within  the  closed  pores  when  the  spot  is  overheated. 

Figure  4.9  detnonstrates  die  VHN  profile  on  die  surface  of  the  the  laser  inadiaied 
spot  on  a gel-silica  sample.  A4.  with  an  inidal  bulk  density-  1.60  gftq.  Ihe  surface  VHN 
profile  is  obtained  by  making  a Back  of  bdeniadcns  along  die  diameter  of  the  laser 
inadiaied  spoL  Thecemerof  the  the  laser  inadiaied  spot  shows  a maxinnim  VHN  (-263) 
and  decreases  gradually  towards  die  peripheiy  of  the  spoi(VHN  -125).  The  change  in 


m 


Figure  4.6  Cotopariwns  of  loser  densifled  spoi  size 
densUied  gel  ei  diFfereni  puise  widihs. 


1 dry  gel  and  a partially 
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Bulk  Density^  1.09  g/c.c. 
Ll=  10.16cm 
L2=  6.35  cm 
Power  Sellings  |4  mA 
Pulse  Widihs|.0  sec 


Figure  4.7  Appearance  of  a laser  densified  spol  on  a dry  gel. 
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Figure  4.8  Appeurunce  of  laser  densified  spoLs  on  gel 
samples  with  difTerem  starling  densities. 
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Figure  4.9  Surface  VHN  profile  of  a laser  densUied  spoi  on  a gel  sample,  laser 
deosiRcaiiciii  conditions  ate  also  indicaied 
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VHN  froni  cenler  ID  ihc  periphery  of  the  Spot  is-140-  The  lempemture  induced  by  iiser 
heaiiiig  is  hi^  enough  to  enhance  the  densification  of  the  substrate.  However,  the  VHN  of 
a Type  V full  density  pi-silica  glass  is  8I2±lSfwVHNm)  which  is  much  Ngher  than  the 
lesuiting  265  on  sample  A4.  In  addition,  the  change  in  VHN  from  center  to  the  periphery 
of  the  spot  is  not  high  enough  to  produce  an  enviroimientally  stable  material.  Therefore, 
the  sample  A4  with  starting  density  - 1.60  g/c.c.  is  norqualificd  to  be  asubstraiefor  an 
useful  optical  device.  Results  also  show  that  the  distance  between  two  irradiated  spots  on 
this  sample  can  not  be  less  than  2 mm.  otherwise  severe  cracking  occurs.  These  results 
suggest  that  the  strength  of  the  gel-silica  glass  with  bulk  density  equal  to  1.60  g/c.c.  is  not 
high  enough  to  be  useful. 

Although  an  optically  trnnspaiem  spot  is  made  using  the  proper  laser  densificauan 
conditions  on  sample  A4(bulk  density-  1 .60  g/c.c.),  the  change  in  VHN  is  not  high 
enough.  As  the  spot  vrill  be  used  as  a lens  to  focus  optical  ray.  a large  index  chanp  or  the 
chanp  in  VHN  between  the  laser  irradiated  region  and  the  subsuate  is  necessary. 

The  advantage  of  using  higher  bulk  density  substrates,  like  1.80  g/c.c.,  sample  AS. 
is  shown  in  Figure  4.10.  Under  proper  laser  densification  conditions,  the  maximum 
VHN-789of  the  VHN  profUe  of  ibe  laser  irradiated  spot  is  close  to  VHNm.  The  substrate 
VHN  is  equal  to  230;  therefore,  the  change  in  VHN  is  -559.  In  addition,  the  distance 
between  the  two  irradiated  spots/-  I mm  in  diameter)  on  this  sample  can  be  lower  than  2 
mm.  almost  next  to  each  other,  due  to  higher  strength  of  the  pi-silica  sample.  The  above 
results  show  that  the  pi-silica  sample  AS  with  bulk  density  equal  to  1.80  g/c.c.  has 
sufficient  strength  and  large  enough  change  in  VHN  to  qualify  as  a substrate  for  laser 
densified  optical  components. 

A higher  laser  eneigy  input  is  used  to  enhance  the  densification  of  the  gel-silica 
glass  to  full  density.  The  resulting  VHN  profile  of  the  laser  irradiated  spot  on  a pl-silica 
sample  with  starting  density  = 1.81  g/c.c..  sample  A6.  is  shown  in  Figure  4.11.  The  laser 


; than  sample  AS, 
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Posidon  imm) 


Figure  4.10  Surface  VHN  profile  of  & laser  densified  spoion  a gel'Silica  saniple(A5}, 
laser  dcnsiflcaiion  condiuons  are  also  indicated. 


128 


0.5  1.0  1.5 

Posilion(mm) 


Fi^re4.1I  Surface  VKN  profile  of  a laser  densified  spoion  a gel-silica  sample(A6), 
laser  densificDLion  condidons  are  also  indicated. 
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e.g.  16tnA  for  1,5  sec  vs  14  mA  for  1.0  sec.  The  maximum  VHN-802  of  the  dersified 
spot  on  sample  A6  is  within  the  experimemal  error  of  the  VHNiti(S12±18)of  afully 
densified  gel-sUica  glass  (see  Chapier  3).  The  subsoate  VHN  is  --  229.  Thus,  the  change 
in  VHN  is  -573.  An  optically  transparent  full  density  region  is  achieved  on  sample  A6 
using  laser  densificauon.  The  diameter  of  the  full  density  region(FDR),  i.e.  region  with 
VHN  within  the  experimental  error  of  VHNm.  on  the  siir^  of  the  laser  inadiaied  spot  is 
-300  pm. 

The  VHN  profile  shown  in  Figure  4. 1 1 indicates  a gradient  property  change  that 
follows  the  intensity  profile  of  the  incident  laser  (Fig- 4.4).  The  shift  of  VHN  from  229 
towards  802  means  that  the  laser  irradiated  spot  is  decreased  in  pivosity  fiom  the  periphery 
to  the  cenier(fully  densified  region).  Because  the  spot  has  achieved  full  density  in  ihc 
center  and  a smooth  gradient  in  density  the  loser  irradiated  spot  on  A6  can  be  used  as  a 

Further  derranstration  that  a fully  densified  region  can  be  achieved  by  laser  heating 
on  B Type  VI  gel-silica  glass  is  shown  in  Figure  4.12,  a PMPprofde.  Micro  IR-specim  of 
the  laser  inadUiied  spot  on  gel-silicn  sample  A7,  bulk  density=l. 91  g/c.c,.  am  obtained 
along  the  diameter  of  the  laser  irradiated  spot  shown  in  the  upper  part  of  Figure  4.12.  The 
diameter  of  each  area  analyzed  is  100  pm,  fiom  region  1 to  region  10.  IR  spectra  are 
shown  in  Chapter  6.  Peak  maximum  positions(PMP)  of  the  TO  AS,  vibrational  mode  are 
deiemhned  fiom  these  micro  IR-spectra.  The  profile  of  the  peak  maximum  position  of  the 
laserinadiaiedspoiisillustniiedin  the  lowerpan  of  Figure  4.12.  The  laser  densifxation 
condidons  of  this  laser  irradiated  spot  arc  listed  on  the  figure.  It  is  known  from  section 
3.6.3  that  the  PMP  indicates  the  degree  of  densificadon  of  the  gel-silica  samples.  For  a dry 
gel,  the  PMP  is  equal  to  1084  cm  '.  For  a Type  V full  density  gel-silica  glass,  ihePMPis 
shified  to  a higher  wavenumber  of  1122  cm->. 

In  this  study,  the  PMP  at  the  center  of  the  laser  irradiated  spot(=l  122  cm**)  is  the 
same  as  that  of  a full  density  gel-silica  glass,  and  the  PMP  decreased  from  the  center  to  the 
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Figure  4.12  SchemaiicormicTO-FTlR  Investigation!:  of  a laser  dcnsiflcd  spoifuppcr)  anO  tiM 


pehphery(=l  107  The  eslunaied  dlemeier  of  the  fully  deiuified  re^on  is  - 300^ 
(legions  with  PMP-1 122cnrl).  This  diameter  is  consistent  with  the  result  estimated  from 
the  VHN  profile  of  sample  A6  (Fi|.  4.11).  The  shift  in  RMPfrom  1107  to  1122  cm'' 
means  that  there  is  a change  in  innatetmhedral  bond  angle,  which  becomes  larger,  and  the 
Si.0  bond  length,  which  becomes  shorter,  for  the  investigated  regions  fiom  1 to  10.  The 
average  bond  angie  and  bond  length  in  the  center  of  the  laser  irradiated  spot  axe  close  to  the 
values  of  a full  density  gel-silica  glass!  -144°,  - 1 .62A).  PMP  profile  In  the  tnicro-FTTR 
reflectance  roeasurement  also  indicates  a gradient  property  change  of  the  laser  densified 
spot  which  follows  the  intensity  profile  of  the  incident  laser  beam. 

In  conclusion,  gel-siiica  samples  with  higher  bulk  densities  > I.SOg/c.c.  can  be 
used  successfully  as  a substrate  for  generating  density  gradients.  Gel-silica  samples  with 
lawersuuiingdeusiiies. -l.lOfadiy  gel)  or  l.60g/c.c.(sampleA4),  usually  oack  or  result 
Id  insufficienl  density  change  to  be  useful.  The  reasons  could  be: 

(i)  high  conoenimdon  of  silanol  groups. 

(ii)  high  surface  area  of  the  gel-silica  substrates  lesuliing  in  low  strength  of  the 
substrate  and  ineffideni  laser  densification. 

Samples  A5  and  A6  with  higher  starting  density  (2  1.80  ^c.c.)  have  enough 
change  in  VHN  and  PMP  after  laser  inadiaiion  to  be  useful  optical  devices.  The  maximum 
VHN  of  the  laser  inadiaied  spot  close  to  VHNm  has  been  successfully  produced  on  sample 
A6.  The  diameter  of  the  heat  affected  zone  is  -1.4  mm.  The  diameier  of  the  fully  densified 
tegion  on  the  surface  of  the  laser  Irtadiaied  spot  is  - 300  ptn  as  esdinaied  from  the  VHN 
profile  of  sample  A6  and  the  profile  of  ihe  peak  maximum  position  of  sample  A7.  This  is 
the  desired  result  for  successful  laser  densification  of  Type  VI  gel- silica  glass. 

Both  the  VHN  profile  and  the  profile  of  the  peak  maximum  position  indkales 
property  changes  which  follow  the  profile  of  Ihe  laser  intensity.  The  center  of  the  laser 
itradiatfid  spot  shows  full  denstficalion(VHN=802  and  PMP=1 122  cttr'),  which  means  the 
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center  of  the  laser  dcnsilied  spot  is  sducninilly  similar  to  a commerdal  viDEous  silica 
lAlm90|. 


The  cioss  section  of  the  laser  densified  spot  is  also  invesiigaied  which  includes 
appearance.  VHN  profile  along  the  depth,  and  PMP  profile  along  depth.  The  cross  section 
ofagel-sUica  sample  is  polished  loihe  posidon  near  the  center  of  the  imadiated  spot  as 
shown  in  Figure  4. 13(a),  the  surface  of  the  laser  irradiated  spot  remains  unpolished.  The 
diameter  of  the  laser  irradiated  spot  is  evaluated  to  be  ~1.4  mm.  Pictures  of  the  cross 
section  of  the  User  iiradiaied  spots  are  inlicn  using  a Nomarsld  microscope  (equipped  with 

loser  irradiated  region  is  a hemispheiical  shape,  as  shown  in  Figure  4.13  (b).  The  laser 


listed  on  the  figure.  Figure  4.13  (b)  and  (c)  are  ihe  pictures  of  the  cross  section  of  the  spot 
(a),  where  (c)  has  twice  of  the  magnincatioo  of  (b).  The  depth  of  the  heat  affected  zone  is 
- 13S  fun  measured  usingamicroscope. 

The  VHN  of  the  cross  section  of  the  laser  densified  region  is  measured  along  the 
depth  shown  in  Figure  4.14.  The  depth  of  the  heat  affected  zone  is  estimated  from  this 
figure  to  be  < 200  fun  which  is  similar  to  the  value  measured  using  a microscope  shown  in 
Figure4.13(c).  The  depth  of  the  fully  densified  region  isevaluaied  to  be  - 10  |im.  The 
VHN  value  at  the  surface  (s^02)  in  Figure  4.14  is  obuined  from  the  surface  VHN  profiie 
discussed  in  the  previous  section  which  is  within  the  range  of  VHNm(812±18). 

This  study  indicates  that  a depth  gradient  in  VHN  occuis  due  to  heat  conduction 
into  the  substrate.  The  heal  Is  generated  by  absorption  of  the  COj  laser  energy  (absorption 
depth  - lOfim  described  b Chapter?).  This  VHN  profile  follows  the  lempetalure  profile 
induced  hy  the  laser  heating. 


.and  the bulkdensity(=1.9l  g/c.c.)ofihe gei-silica sample. A7.t 
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Figure  4.13  Appearance  of  surfeceU)  and  cross  secdonsfb)  and  (c)  of  a laser 
densified  spots  on  a gel-silica  sample. 


Figure  4.14  Cross  section  VHN  profile  of  a laser  densified  spot  on  a gel-silica  sample. 
Laser  densificaiion  condllions  of  Ihis  spot  ore  also  indicai^. 
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Further  confinnation  of  the  gradiem  property  change  along  the  depth  of  the  laser 
iitadiaied  spot  is  obtained  using  FTIR  micio-speciroscopy.  Micro-spectra  of  a laser 
iitadiaied  spot  on  a gel-silica  sample  A7.  bulk  densiiy=1.91  g/c.c..  ate  obtained  along  the 
depth  of  laser  irradiated  spot  as  shown  In  the  upper  part  of  Figure  4.  IS,  from  region  I to 
region  4.  The  diameter  of  eatdi  invesbpted  region  is  100  Peak  trrajiimum 
positions(PMP)of  theTOASi  vibratiotial  mode  are  deiermined  from  these  tttictoIR- 
speetta,  as  described  in  seetiem  3.6.3.  The  PMP  profile  along  the  depth  of  the  laser 
irradiated  spoils  illustrated  in  the  lower  part  of  Figure  4.1S.  The  laser  densification 
condidoos  of  this  laser  irradiated  spot  are  listed  on  the  figure  also.  The  diamela  of  the  heat 
aJTecied  aone  is  estimated  to  be  less  than  200  tun. 

The  PMP  in  region  1 (=1 1 18  cm  ')  is  close  to  the  wave  number  of  a Type  V gel- 
silica  glass  (=II22cm'l).  The  discrepancy  (=4  cor')  is  due  to  the  depth  of  the  heat 
affected  zone  (~150)im)  being  close  to  the  diameter  of  investigated  regicni  100  pm. 

Region  1 covers  most  of  the  heal  affected  aone  including  a small  pan  of  the  fuUy  densified 
regionf  <10%  in  depth  ).  Therefore,  the  PMP  of  region  1 is  1118  cm*'  instead  of  1 122 

The  PMP  profile  also  indicates  a gradient  propeny  change  which  follows  the  enet0 
profile  of  the  lanpeiature  profUe  Induced  by  laser  headng.  The  densificaDon  of  the  laser 
irmdiaied  spot  decreases  at  increasing  depth.  The  shift  in  PMP  from  the  suifsce  into  the 
substrate  indicates  that  there  is  a smicdiral  change  in  in  iraietrahedini  bond  angles  (they 
beccstie  smaller)  and  Si-0  bond  lengihs  (which  become  longer)  within  the  invesdgaied 
region. 

As  shown  in  section  3.5.2  the  VHN  of  a gel-silica  glass  increases  as  the 
densification  temperature  increases  using  furnace  heating.  The  above  results  show  that 
there  is  also  a VHN  change  of  the  laser  irradiated  spot  using  laser  heating  which  is 
con-sisieni  with  the  resulls  of  section  3.5.1  ll  is  deinonsiiaied  that  a fully  densified  region 
can  be  cieaied  on  a partially  densifled  substrate  (with  diameter  -300  pro  and  depth  -10  pm) 
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Figuit  4.IS  Schematic  of  mlcro-FTIRinvesiigiiiiaRs  on  the  cross  section  of  a laser 
densified  spot(upper)  and  the  coiresponding  PMP  profUedower)  with 
indicated  laser  densirication  condldons  of  this  spot. 
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wiihoui  cracking  and  foaming.  Funher  conrmmanon  of  the  dimension  of  die  heal  aflecied 
zone  and  die  fuJiy  dcnsificd  region  are  obtained  from  the  study  of  die  PMP  profde  on  the 
surface  and  cross  secdon  of  die  laser  inadiaied  spot.  The  results  show  itiai  die  fully 
densified  region  successfully  produced  by  laser  headng  Is  struatirally  similar  lo  dial  of  the 
commerciid  vitreous  silica.  The  depth  of  the  laser  dcfisiricadon  zone  depends  on  the 
incidem  laser  energy  and  die  theimal  history  of  the  gel-silica  sample. 

In  summary,  these  studies,  show  that  there  is  a gradient  in  pcoperties  (VHN  change 
and  PMF  shift)  on  the  surface  (VHN  from  229  to  802.  PMP  from  1107  to  1 122  cm-')  and 
along  die  depth  (VHN  from42Sio802.PMFftom  llll  to  1118cm->|of  dielaser 
irradiated  spot.  It  Is  also  demonstrated  that  the  measurements  of  VHN  and  micio-lR 
spectroscopy  can  be  used  to  dcieiiDliie  the  degree  of  densitodon  of  die  laser  irradiated 


Stability  of  the  laser  densified  regions  is  investigated  by  monitoring  the  profiie  of 
VHN  on  one  spot  as  a function  of  time.  A previous  study  |Slo90]  indicated  that  laser 
densiiied  gel-silica  may  relax  with  time,  thereby  eliminating  index  of  refraction  giadiems 
induced  by  the  CO;  loser  beam.  Instability  of  the  laser  irradiated  spot  was  concluded  in 
their  studies  by  observing  that  the  depth  of  the  surface  ptofile  uf  a laser  irradiated  track 
decreased  with  time.  Incorporation  of  water  within  the  densified  region  mighc  have 
contributed  to  this  smicturaJ  relaxation. 

water  effect  on  a laser  densified  region  and  increase  the  efficiency  of  the  laser  densification. 
The  first  approach  was  pumping ouiihe  physically  adsorbed  waierof  the  gel-silico  sample 
by  heating  the  gels  in  a vacuum  oven  up  to  I30°C  The  second  approach  was  to  control  the 
humidity  during  laser  densification.  In  addition,  gel-silica  samples  with  higher  starting 
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density  were  used  for  the  stability  study,  based  upon  the  diiaiomesy  results  discussed  in 

To  monitor  the  stability,  a laser  irradiated  spot  was  produced  on  a gel-silica  sample 
with  bulk  density  = 1.81  gfc,c.  The  laser  densification  conditions  of  the  irradiated  spot  are 
listed  on  the  top  of  Figure  4,16,  Three  tracks  of  itiHttohardness  indentations  across  the 
same  laser  irradiated  spot  were  made  at  different  tunes.  They  are  used  to  deieimine  if  the 
VHN  profile  is  changed  with  dttie.  The  diameter  of  the  indentation  is  - 20  pm  in  length  or 
width  which  is  nujch  smaller  than  the  diameter  of  the  laser  densified  spot  (1.4  tnm|. 

In  the  right  comer  of  Figure  4.16  are  shown  the  three  tracks  of  indeniadons  on  the 
spot  in  different  orientations.  The  densified  spot  was  exposed  to  ambient  sunospl^tre  after 
the  laser  irradiatian.  Track  1 wasmade3monihsafierihespoiwasuradiated.  Tracks2 
and  3 were  made  after  3.5  and  4 months,  respeedvely.  The  VHN  values  for  the  three 
tracks  show  very  little  change  in  the  profile  with  time.  The  maximum  VHN  value  -302  at 
the  center  of  the  laser  itiadialed  spot  is  also  dose  to  VHN„  of  the  fully  densified  gel-silica 
gUss(8 121:18).  There  is  no  time  dependem  deteiiotation  observed  on  this  densified  spot 
although  it  was  under  long  term  humid  conditions.  Thus,  the  laser  irradiated  spots  on  the 
partially  densified  gel-silica  glass<bulkdensity°l.8I  gfc,c„  82%  dense)  exhibited  the 
enviroiimenial  stability  required  for  optics.  This  result  shows  that  the  approach  of 
eliminating  water  befcec  laser  densificaiion  combined  with  the  use  of  low-humidity 
envirtmmenl  and  higher  starting  density  gel-silica  substrates  are  necessary  to  attain  a stable 
laser  ixradialed  spot. 

The  othCT  proof  of  stability  of  the  laser  iiradiaied  spot  is  that  the  PMP  at  the  center 
of  the  laser  irradiated  spot  rni  sample  A7  was  maintained  at  1 122  cm  ! after  four  months  of 
humid  exposure.  Thus,  once  the  laser  irradialed  spot  is  densifted  to  full  density,  the  laser 


iiradiaied  spot  I 


Position  (mm) 


FiguR  4.16  Siabiiiiy  of  surface  VHN  profile  of  a loser  densiFied  spot  on  a gel  sample 

measured  at  difTerem  tims  after  the  laser  densiRcadonfl^ks  1. 2,  and  3). 
laser  densificaiion  conditions  of  this  spot  are  also  indicated. 
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Reasons  for  the  insiabilides  of  ihe  laser  iiradiaied  spot  by  Slocumb’s  work  are 
summarized  [5lo90].  Hie  gel'Silica  sample  they  used  was  71%  dense  (stardng 
densicysl.56  g/c.c.)<  By  using  Figure  3.14,  die  esdinaied  refraedve  index  was  1.33.  This 
sample  has  a preference  of  framing  high  conceniradon  of  threefold  rings  according  to 
Vasconcelos  ei  al.  and  Wallace  iVas89a](Wal91|.  These  rings  are  susceptible  to  be 
eliminaied  by  incorporadng  water  molecules  which  results  in  some  swelling  of  Ihe  bulk 
known  fiom  the  study  in  section  3.4.  Therefore,  after  laser  densification  of  low  density 
gel-silica,  the  conceniradon  of  the  threefold  rings  incieascs  which  tend  to  be  eliminaied 
after  exposure  to  ambient  aimospheie.  When  the  threefold  rings  incorporate  water 

The  resuidng  n change  by  laser  denslficauon  in  Slocumb’s  work  is  0.06,  i.e.  the 
doalnis  1.39  which  is  sdll  faraway  Fitmi  the  n value  (=1.46)  of  a full  density  gel-silica 
glass.  Therefore,  a fully  densified  region  was  nrx  achieved  and  relaxadon  occurred  in  this 
case.  The  iosuflicieni  index  change  rnay  attributed  to  use  of  low  incident  laser  energy,  a 
kmg  L2.  and  a humid  environment  during  laser  denslficedon  (resulting  in  inefficient  laser 
densificaiion).  In  Qapier  3.  it  wn.s  shown  ihai  if  die  starting  density  of  the  gel-silica 
sample  is  not  high  enough(i.e.<  1 .8  gfc.c.),  the  resuidng  maximum  VHN  can  not  reach 
VHNm  tmd  relaxation  can  also  happen  b this  case.  So  unless  a fully  densified  re^on  is 
achieved  by  the  laser  healing,  there  is  a risk  of  relaxation  after  exposure  to  the  ambient 
atmosphere. 

Therefore,  the  condinons  required  to  achieve  a stable  laser  densification  are;  (i)  use 
of  a gel-silica  substrate  with  higher  sianing  density  (>1.8  g/ec.).  (ii)  proper  laser 
deosificadon  condinons  to  achieve  full  densificadon,  (Hi)  dcscupdon  of  adsorbed  water  io 
gel-silica  sample  prior  to  irradiadon.  and  (Iv)  a low  humid  environmem  during  inadiadon. 
AU  four  conditions  must  be  sadsfied  to  maximize  the  efficiency  of  the  laser  densificadon. 


The  stability  I 


The  SMchanisDU  of  Ihe  insBbilily  of  laser  densiRed  gel-silica  glass  are  suounarized 
as  follows.  The  relaxation  ai  room  lemperaiun;  of  the  laser  irradiaied  spot  on  a partially 
den^fied  gel-alica  sample  can  result  from: 

(a) Rehydrolysis  of  the  threefold  rings  on  the  pore  surface.  A very  large 
concentration  of  threefold  rings  on  the  port  surface  form  upon  densiftcation. 

The  strained  rings  reopen  after  incorptrrating  moisture  by  adsorption  of  water 
rttolecuies.  The  adsorption  is  followed  by  lehydroxyladon  via  a tlissociative 
bond-breaking  reaction  (Wal9l). 

(b) Rebydrolysis  within  the  skeleton.  Gel-silica  samples  sintered  at  low 
tempemtures  have  a hi^  OH  content  and  therefore  a low  viscosity  (Bri90|. 

The  low  viscosity  of  the  gel  subiliaed  at  lower  temperatures  make  structural 
relaxation  possible  at  room  letnpetamre. 

(clStruchtralrelaxationlextiemely  slow)  and  relief  of  strained  bonds  induced  by 
laser  heating.  Thismechanismissignificam  when  the  viscosity  of  the  gel-silica 
sample  is  low  due  to  incofpotacion  of  water  in  the  structure. 

Mechantsm  (a)  and  (b)  occur  by  adsorbing  water  from  the  ambient  atmospbeie. 
Mechanism  (c)  shows  an  extremely  slow  rate  of  lecovery  of  the  residual  stress  if  the  gels 
ate  sintered  at  lemperoturts  near  the  glass  transidon  regioo(-1200°0|Bri90].  If  the  gels 
are  incompletely  simeted.alow  temperatures  strucnnal  relaxation  can  be  mete  rapid. 

Thits.  a higher  starting  density  (1.80-2.00  gfc.c.)  of  the  gel-silica  sample  is 
piefened  to  be  used  for  an  optical  substrate  not  only  for  the  environmemal  stability  but  also 
for  the  achievement  of  a fully  densiried  region.  Use  of  a lower 


' siniting  density  gel-silica 
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substrate  will  have  a preferenira  for  forming  threefold  rings  by  laser  heabng  and  will  relax 
after  exposure  to  the  ambieni  atinospheie. 


4.4  Mechanisms  of  I Jser  Induced  Densificanon 

In  section  3.4.  expansion,  permanent  and  lempomry  shrinkage  by  furoace  heating 
was  observed  in  the  dllaiotnetry  analysis  for  partiaiiy  densified  gel-silica  glasses.  Gel-silica 
glasses  sintered  at  700  °C  had  a signidcam  amount  of  shrinkage,  including  both  permanent 
and  temporary  shrinkage.  The  mechanisms  of  temporary  shrinkage  and  subsequent 
relaxation  of  the  gel-silica  sample  during  furnace  heating  and  cooling  is  similar  to  the 
insiabilityobservedforlaseritradiatedspois.  Consequently,  the  mechanisms  of  laser 
densiiication  of  the  gel-silica  samples  must  be  similar  to  the  mechanisms  of  shrinkage  and 

into  hear  which  results  in  densificadon  the  porous  gel-silica  network.  The  phonons  from 
the  laser-induced  heal  are  consumed  by  the  following  densidcation  mechanisai5[ElinB3| 
(Schg6|  |Zhu89)(Brl90)(Wal9l]. 

(a)  Shrinkage  due  to  the  desorption  of  water,  alcohol,  and  removal  of  organics. 

(b)  Structural  relaxation  via  loss  of  excess  free  volume. 

(c)  Formation  of  threefold  rings  by  condensadon  of  adjacent  surface  SiOH 
groups.  They  are  close  enough  to  react  which  result  in  an  increase  in  the 
structural  density  to  a maximum  value  at  900°C  followed  by  a decrease  in  the 
sinicitiral  density  due  to  struclural  relaxation. 

(d) Deciease  in  the  NBO/BO  ratio  via  the  formation  of  bridging  Si-O-Si  bonds,  in 

the  mairixiskeleion  condensadon)  and  on  the  pore  surface  (by  pore  collapse  (»' 
sintering  across  the  pores,  as  shown  in  Figure  4. 17). 

For  stable  laser  densificarion  of  the  gel-silica  samples,  the  shrinkage  in  the  surface 


I to  mechanisms  (a),  (b),  and  (d),  ue. : 
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Figure  4.17  Schemaiic  of  pcnucmeni-shriiikEige  mechanism:  condensation 
of  neighboring  silanol  groups  on  pore  surface  resulting  in  pore 
closure  and  denslfication. 
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reacnons  and  sinictutal  reiaxadon.  Thus,  die  eilicieticy  of  laser  densification  can  be 
improved  by: 

(1) usingagel-siUca  sample  ividi  high  bulk  density, 

(2) pie-desorbing  physical  water  From  the  gel-silica  sample  and 

(3) providiiig  a dry  environmem  for  laser  densification. 

Mechanisms  (b)  and  (d)  are  associated  with  the  laset  densification  on  a gel-silica 
sample  with  built  density  > l.80g/cc.  Unstable  laser  densification  results  when  shrinkage 
of  the  porous  gel-silica  glass  is  dominnied  by  mechanismlch  e.g.,.ihe  laser  densified 

According  to  the  mechanisms  of  laser  densification  discussed  above,  the  laser 
induced  densified  regions  in  Type  VI  gel-silica  substrates  can  be  categorized  as  Regions  1, 
Q and  m.  Figure  4,18  illtisirates  the  structural  evoluuon  of  a laser  irradiated  spot  on  a 
Type  VI  gel-silica  substrate.  The  upper  pan  of  the  figure  is  the  magnified  structure  of  the 

densified  regions.  In  fact,  the  structural  features  of  the  laser  iiradiaicd  spot  vary  gradually 
according  to  the  property  changes  illusuated  in  Figure  4,14  and  Hgure4.15.  The  progeny 
gradient  of  the  laser  densified  region  is  changed  fiom  the  center  to  the  periphery  of  the 
spoL  Therefore,  there  is  no  sharp  edge  between  those  regions.  Scales  of  the  struemres 
and  the  dimension  of  the  laser  itradiaisd  spot  are  also  shown  on  the  figure.  Characteristics 
of  the  three  regions  are  suixixxiarized  as: 

(I)  Elasdc  densification(reversible),  i.e.  open  up  of  the  threefold  rings  on  the  pore 
surface  which  is  theTmodynamicaliy  favorable  and  not  Idneticallv  limited  for  a 
gel-silica  glass  with  large  surface  area 

(II)  Viscoelasdc  densification  (a  mixture  of  reversible  and  irreversible),  i.e.  relief 
of  the  residual  stress,  but  the  laie  of  the  recovery  is  exuemely  low  if  the 
viscosity  of  the  partially  densified  gel-silica  substrate  is  high.  It  is  thermo- 
dynamically favtnable  but  is  kincucttliy  limited. 
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BEFORE  LASER  DENSIFtCATION 


(UDPIasDc  densiflcadon  regie 


ihnxjgh  skeleion  condensation  and  pore  collapse  during  viscous  sintering. 

'nie  dimension  of  the  thickness  of  each  region  depends  on  the  starting  density  of  the 
gel-siiica  samples  and  the  laser  densificadon  conditions.  For  example,  if  the  bulk  density  is 
I.dOglc.c.  or  the  input  laser  energy  is  not  high  enough,  the  fully  densified  region  can't  be 
achieved,  so  only  region  I and  n is  formed.  In  this  case,  the  dimension  of  region  I is 
sipificani  which  will  result  in  a subsequent  relaxation.  Recovery  of  region  n is  also 
possible  due  to  the  low  viscosiry  of  the  gel-silica  substrate. 

If  2.2>buUt  density^l.S  g/c.c„  the  skeleton  density  is  close  to  that  of  the  melted 
glass  which  is  concluded  fiom  the  measurements  of  the  He  pycnometry  [Vas89a|[Bri90J 
|Wal91)-  Thus,  the  recovery  of  region  H is  extremely  difficult  due  to  the  hi^  viscosiiy- 
Region  HI  can  be  produced  in  this  case  through  sintering  by  complete  pore  closures, 
Iheref^,  the  resulting  shrinkage  is  permanent . Elimination  and  prevention  of  water 
adsorption  before  and  during  laser  densificatioa  makes  it  possible  to  obtain  a fully  densiiied 
region  ID  which  is  environmentally  stable, 

4,S-Conciusiotis 

Fully  denslHed  regions  can  be  produced  on  gel-silica  glasses  direedy,  using  a COj 
laser  without  masks,  diffusion,  or  other  imermediale  processing  steps.  The  laser 
densification  conditions  have  been  established  to  produce  various  diameters  of  opdcally 
transparent  spots.  The  gradient  property  change  of  the  laser  densified  spot  yields  its 
capability  of  manipulating  optical  rays.  Miciolenses  with  diflerem  diameters  can  be 
fabricaled  by  ctxitroUing  the  variables  in  the  bser  densification  conditions.  Microlenses  -1 
mmdiaiDeiercanbeused  to  focus  the  optical  mys  parallel  or  peipendicular  to  the  sample 
surface.  Arrays  of  3»3  microlenses  have  been  made  usingcondirions  within  envelope  C of 
Hgure  4,5  discussed  in  this  Chapter. 
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li  is  demoRsdaied  thai  ihe  uchnique  of  micro-IR  qiecm»copy  allows  an  immediate 
investigation  of  ihe  structural  change  of  the  laser  densified  spot  The  shift  in  the  PMP  of 
the  asymmeoic  sneiciiing  vibrations  of  Si-O-Si  indicates  a gradient  structural  change  from 
ihepeiiphery<ll07cm'')iothecenien=llZ2cm-')af  the  laser  densiried  spot. 

The  evaluated  diameter  and  the  depth  of  the  fully  densiited  region  is  -300  |un,  by 
-ID  pm.  respectively.  The  diameter  and  depth  of  the  heat  affected  zone  can  be  pitiduced  up 
to -1400  and  140  pm.rcspccdvely.  Laser  irradiated  spots  on  gel-silica  samples  with  bulk 
density  > l.8g/c.c.  show  environmental  stability  and  the  capability  of  attaining  a fully 
densified  (2.2  gfc.c.)  region.  This  is  the  best  result  for  laser  densification  on  Type  VI 
porous  gel-silica  glass  that  can  be  possibly  achieved. 

The  stability  of  Ihe  laser  inadiaied  spot  can  be  assured  by: 

(i)using  a gel-silica  sample  with  higher  starting  densiiy(>!. 8 gfc.c.)  as  a substrate 
ftn  laser  densification. 

(iilproper  laser  densification  conditions  to  enhance  Ihe  densificaiion  to  full  densiiy, 
(iil)predesorption  of  adsorbed  water  in  the  gel-silica  substrate,  and 
(iv)providing  a low  humidity  envnonmeni  during  laser  densiTicadoiL 
Conditions  (ill)  and  (Iv)  are  required  to  prevent  Ihe  effect  of  water  on  Ihe  laser 
densifted  region  and  increase  the  efficiency  of  loser  densification. 

Mechanisms  of  laser  densification  on  Type  V]  gel-siiica  glasses  are  proposed, 
inciudug:  (I)  Elastic  densUication(reveisible).  (II)  Viscoelastic  densiflcationireversible.  and 
ineversible),  and  (IE)  Plastic  densificatiandireversible).  They  are  consisieni  with  the 
nperimenial  resulu  of  gradient  property  changes  and  the  observed  phenomena  of 
relaxation  after  laser  den.sificanon. 


CHATOR5 

APPLICATIONS  IN  OPTICS 


S.l  ItiirodiicliQn 

The  CPt^ccEivc  of  this  chspier  is  lo  demonstrate  qualitatively  the  optical  applications 
of  laser  densiiied  Type  VI  and  Type  V |el-silica  |ilisses.  A slight  surface  depression  of  the 
gel'Silica  substrate  is  formed  after  the  laser  irradiatioii  due  to  shrinkage  of  the  Type  VI 
porous  substrate,  or  vaporization  of  the  Type  V gcl-silics  substrate  if  the  induced 
temperature  by  laser  irradiation  is  high  enough. 

A surface  depression  enn  be  used  lo  defocus  on  opdeal  ray  and  function  as  a 
negative  microlens.  Previous  studies  in  Chapter  4 shows  thnt  a full  density  region(FDR) 
can  be  produced  using  CO2  loser  hearing  on  a porous  gel-silica  substrate,  and  the  laser 
riensified  region  eohitais  a gradient  propeny  change  and  bus  a higher  density  than  the 
substrate . This  CEUNIgradienl  index  of  refraction)  region  can  be  used  to  inanipulaie 
optical  rays  such  as  focusing,  iinaging  or  directing.  Optical  devices  that  can  be  made 
thiough  laser  densirication  include  geodesic  lens,  planar  CRIN  lens,  negative  lens  and 
tnulrirnode  waveguides[Slo90I.  The  advantages  of  laser  denslficarion  and  the  previous 
work  of  laser  densified  channel  waveguides  are  discussed. 

Three  types  of  inicrolenses  can  be  made  on  Type  VI  gel-silica  sobstraiesfshown  in 
Figure  S.l  (a))  and  Type  V gel-silica  substraiesfor  catmnerelal  silica  glasses  shown  in 
Figure  5.1  (d))  by  using  laser  denslficarion.  The  types  include 

(a)M-I  microlens  or  mtcrolensairaysfFigure  5.1  (b))  which  are  geodesic  lenses  ot 
compound  lenses  on  the  surface  of  porous  gel-silica  gloss. 
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(b) M-II  planar  GRIN  microlenses  or  mic:rolens  airays(Fi|ure  S.l  <c))onlhe 
surface  of  porous  gel-silica  glass  after  removing  the  slight  depression  «i  the 
irradiated  surface. 

(c) M-ni  mictolettsesormiciolensaiTaysiFiguieS.l  (el)  which  are  negative  lenses 
on  the  surface  of  fully  densifted  gel-silica  substrate. 

The  above  microlenses  can  be  applied  in  Integraied-optics  shown  in  Figure  23  ce  in 
micro-optics  shown  in  Figure  2.7.  A M-I  microlens,  termed  as  a compound  lens,  is  due  to 
the  combination  of  a depressed  regionfwhich  diverges  li^i)  and  a GRIN  region!  which 
converges  light)  is  illustrated  in  Figure  S.2.  Hourever,  il  is  observed  that  the  surface 
depression  of  the  laser  irradiated  spot  dominates  the  optical  behavior  of  a M-I  microlens. 
The  light  is  diverged  by  a M-I  compound  lens  if  the  optical  ray  is  incident  perpendicularly 
on  the  surface  of  the  glass  substrate  as  shown  in  Figure  5,2.  The  deflection  of  optical 
laysfsolid  lines)  is  natiovrer  because  of  the  GRIN  region  which  will  act  to  converge  die 
opticai  ray.  Dashed  tines  represent  the  deilected  optical  rays  if  the  GRIN  region  is  not 

A M-I  mictolcns  can  also  be  used  as  a geodesic  lens  if  the  light  is  propagating 
parallel  lo  the  suiface  of  die  gel-silica  substraie.  A geodesic  lens,  as  described  in  section 
2.3.4,  is  used  forredireciing  and  focusing  a lightwave  confuied  along  the  surface.  The 
manipulation  of  opticai  rays  using  a M-I  geodesic  lens  can  be  achieved  by  the  geometry  or 
the  GRIN  effect  of  the  lens.  Since  the  laser  densified  region  shows  a gradient  change  in 
refractive  index,  the  focusing  capability  of  a M-I  geodesic  lens  is  mairUy  attribuicd  to  the 
GRIN  effect. 

depression  of  the  laser  irradiated  regions.  A M-n  microlens  can  be  used  to  focus  the 
incident  light  either  perpendicular  or  paraliel  to  the  surface  of  the  gel-silica  substrate.  The 
focusing  capability  of  a M-Q  microlens  is  also  attributed  to  the  GRIN  effect  Theoretical 
predictions  of  the  focal  length  and  the  nominal  numerical  apenure  of  a hemispherical  GRIN 
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Cross  section  view  of  gel*silics  sample 


Figtue  3.2  Diverged  optical  rays  by  a M-1  compoond  lens.  The  optical  rays(dashed 
lines)  are  deflected  in  a wider  angle  if  a GRIN  region  does  not  exist. 
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planar  microtens  are  described  in  this  chapter.  The  calculated  focal  length  was  compared 
with  the  measuted  focal  length. 

A M-Ul  negative  tnicrolens  is  formed  on  a full  density  gel-silica  substratelor  on  a 
comiuerdal  silica  glass).  Only  a surface  depression  eusisCi  .e.  noCEUN  region  is  present) 
ftjr  the  M-Ill  microlens.  In  general,  a M-in  microlens  can  be  used  for  defocusing  cr 
imaging.  However,  a focusing  phenmnenon  due  to  the  difftaciion  effect  has  also  been 
observed  with  a negative  miot>lens[Hec74|.  Vinual  images  formed  by  the  arrays  of  M-in 
negative  microlenses  have  also  been  demonstrated. 


Various  fabrication  methods  of  CEUN  or  convex  miciolenaes  have  been  described 
in  section  2.3  include  coating,  diffusion,  mass  transport,  and  ion-exchange  techniques. 
The  disadvantages  of  these  methods  include 

(a) A  strain-induced  index  change  in  a diffused  microlens  caused  by  the  slae  of 

(b) In  the  phoiolithograph  technique  based  on  melting  of  the  lens  material,  it  is  very 
difficult  tocontroi  the  spreading.  Thus,  the  melting  process  results  in  a 
uncontrollable  lens  size  and  the  isolation  of  the  close  packed  lenses|Pop88|. 

(c) Hotiis  are  required  for  obtaining  a GRIN  gel  from  soaking-and-drying  method 
or  a GRIN  glass  ftom  conventional  ion-exchange  methods. 

The  above  techniques  also  involve  tedious,  sophisticated,  and  process-sensidve 
steps.  The  advantages  of  direct-laser-svriting  optical  eletuents  on  Type  Vlfpoious)  or  Type 
V(full  density)  gel-silica  substrates  are  summarized  as  follows|B«t90][Mor90|lChi92bi. 

(a)ProducingGRIN  t^tical  devices  which  have  significantly  smaller  aberrations 


153 


(b) PiDducing  various  types  of  optical  elements,  some  of  which  cannot  be  made 
easily  by  any  other  means. 

(c) Atuimng  full  density  opticaJ  elements  which  eshibit  high  optical  transmittance 
from  UV  to  NIR  wavelengthsibroad  band  coverage), 

(d) A  much  faster  and  environmentally  cleaner  process, 

(e) A  single  step  contact  &ee  treatment. 

<f)A  high  degree  of  automation  and  good  reproducibiliiy, 

(g)A  feasible  alternative  or  addition  to  existing  techniques. 

<h)Conlrol  of  GRIN  profiles, 

(l)Wider  range  of  An  than  other  chemical  based  methods  for  making  GRIN  optics, 
[n  summary,  the  fabrication  dme  of  laser  densificadon  is  the  laser  exposure  dine 
which  is  only  -'I-2  seconds.  Thus,  this  method  is  much  faster  than  the  convendonal  routes 
to  obtain  a GRIN  tnicrolens.  Laser  densiilcadtm  improves  the  optical  properties  of  the 
porous  gel'Silica  substrate  rather  than  degrading  the  modified  region  by  use  of  diffusants. 
Further,  laser  densificadon  has  high  degree  of  automadon  which  is  feasible  using  the 
current  techniques. 


A M-I  microlens  can  be  used  as  a geodesic  lens  if  the  light  is  propagadng  along  the 
surface  of  the  gel-silica  substrate.  This  is  because  a M-I  microlens  has  a slight  depression 
as  well  as  a GRIN  region  beneath  the  surface  shown  in  Figure  4.13(b). 

Htdfof  the  porous  gel-silica  sample  is  removed  by  polishing,  as  shown  in  Figure 
4.i3(a),  in  order  to  observe  the  focusing  phenomenon.  The  depth  and  diameter  of  the 
geodesic  lens  produced  in  this  manner  are  - 1 35  and  1.4  mm.  respecdvely.  The  index 
change  An  of  the  GRIN  region  is  determined  to  be  0.09  at  632.8  run.  as  discussed  in 
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secnon  6J.3.  Therefcre,  the  M-[  geodesic  lens  can  be  nsed  in  iniegraied-opdcs,  acousiic 
optics,  ora  focusing  elemeni  for  a two-dinieiisional  diode  laser. 

Figure  5.3  (a)  shows  the  simulaled  focusing  phenomenon  of  a gerxlesic  microlens. 
A 10s  objective  lens  is  used  as  a beam  expander.  A lightwave  ispeneuating  through  a 
pinhdefadjusiable  drameier  i 1 mm.  3 mm  is  used)  and  a slii(3  mm  in  width.  50  pm  in 
length).  Optical  mys  are  incident  immediately  on  the  cross  section  of  the  gel-silica 
substrate.  The  incident  light  is  in  a rectangular  shape  formed  by  the  sUl  As  the  geodesic 
lens  is  used  for  focusing  the  lightwave  confined  along  the  suiface.the  slit,  herein,  is  used  id 
slmulare  that  conriition  to  observe  the  focusing  capability  of  a geodesic  lens  prrxluced  by 
laser  densification.  The  length  of  the  slit  is  much  smaller  than  the  depth  of  the  geodesic 
miaolens,  but  the  width  of  the  slit  is  larger  than  the  diameter  of  the  gerxlesic  microlens. 
The  sample  is  siniaied  on  a three-dimensional  micro-positioner  in  order  to  allow  the 
rectangular  light  to  project  pitcisely  on  the  geodesic  lens. 

The  focusing  phenomena  of  a M-I  geodesic  lens  produced  by  laser  densiheation  is 
shown  in  Figure  5.3(b).  It  was  observed  that  as  the  rectangular-shaped  lightwave  Is 
incident  on  the  gerxlesic  lens,  there  is  a sharp  and  sriaighi  line  formed  by  the  geodesic  lens 
andabrighl  spot  on  the  end  of  the  sample  following  the  straight  line  as  shown  in  Figure 
5J(b).  TheopticalrayisfocusedassooniiemergeslTomiheGRlNregion.  Thefocal 
length  this  geodesic  lens  is  estimated  to  be  -0.7  mm  which  is  the  radius  of  the  geodesic 
lens.  A lectangular  spoifsimilar  to  the  shape  of  the  slit)  is  observed  in  (he  end  of  the 
sample  without  the  geodesic  lens.  The  focusing  cap^iiiry  of  M-1  geodesic  lens  is  mainly 
due  to  the  GRIN  elTeci. 

Thus.  Hguie  5.3(b)  demonstrates  dial  the  laser  densified  geodesic  lens  on  a Type 
VI  parous  gel-silica  sample  can  be  used  lo  focus  an  optical  ray  parallel  lo  the  surface.  An 
incident  lightwave  in  a rectangular  shape  is  focused  by  the  GRIN  region  of  the  geodesic 
lens.  This  focal  length  of  this  geodesic  mictolens  is  very  shrwt  due  to  the  large  index 
change(-O.09)  and  large  GRIN  deprh[-0.7  mm). 
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(b) 


Figure  5.3  Iiurumemai  atraugemeiusla)  for  ihc  obsurvaiion  of  focusing 
phenomenon  of  aM-l  geodesic  microlens.  The  result  is  shown 


iin(b). 


5.4  RanajGRIN  Microlensts  and  Amvs 


Anays  of  loser  deiuified  spols  were  node  on  Ihe  siirfoce  of  a Type  VI  porous  gel- 
silica  samplefbulk  density  = 2.13  g/c.e.)  using  a computer-controlled  plotter,  as  shown  in 
Figured.!.  Since  the  surface  depression  formed  after  laser  healing  will  diverge  optical 
rays,  liie  depression  was  removed  to  produce  a M-Il  CEUN  planar  mictolens.  The  surface 
depression.  ~ 30  )un  in  depth,  was  carefully  polished  because  of  the  Ihin  layer  of  the  GRIN 
iegion(£  ISOpinindepih).  Example  ofa  M-II  microlens  produced  after  polishing  is 

As  discussed  previously.  M-ll  miciolenses  and  microlens  arrays  can  he  used  in 
micro-opdes.  Figure  5.5  (a)  illustrates  use  of  such  an  M-ll  microlens  array. 

Optical  rays  are  incident  perpendicularly  on  the  surface  and  penetrate  through  the 
suhsiraie  which  contains  the  array  of  laser  densiiied  spols.  The  focusing  phenomenon  of 
an  array  of  planar  lens  can  he  observed  only  if  the  surface  flatness  and  the  homogeneity  of 
the  gel-silica  sample  are  vrell  maintained. 

A lOxobjecdve  lens  is  used  experimentally  as  a beam  expander  during  the 
observanon.  The  expanded  HeNe  laser  beam  is  incident  perpendicular  on  the  surface  of  the 
gel-silica  substrate  with  atrays  of  planar  GRIN  microlenses  shown  in  Figure  5.5(a).  The 
distance  between  the  GRIN  microlenses  is  2 mm.  The  diameter  of  each  GRIN  planar 
microlens  in  the  array  is  - 8(X)  pm.  The  index  change  of  this  GRIN  microlens  is  evaluaied 
to  be  -0.02.  An  arrays  of  focused  spots  is  observed  on  a screen  behind  the  gei-silica 
sample  as  shown  in  Figure  5.5(b).  In  this  figure,  the  black  spot  is  die  surface  defect  on  the 
other  unpolished  side  of  the  gel-silica  sample.  The  focusing  ability  of  die  array  of  planar 
microlenses  isaiiribuied  to  the  GRIN  regions  beneath  Ihe  surface.  The  focal  length  of 
these  gel-silica  planar  GRIN  microlenses  is  - 5.2S  cm.  This  focal  length  is  a Uule  longer 
than  desiied  due  to  an  insufficient  index  change  An. 
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Figure  5.4  A M*Zt  microtens  produced  after  polishing,  the  diameter  is  800  lim. 
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HeNe  LaKr 


(B) 


(b) 


Figure  5.5  Focusing  pheiromenon  of  arrays  of  the  M>I1  GRIN  planar  microlens 
on  a porous  geFsilica  sample.  The  result  is  shown  in  (b). 


I planar  miaolens  is  demonstroied  in 


The  magnification  fomed  by  a gd-sUica  GRIN 


the  following  manner.  The  diameter  of  the  M-11  microiens  is  1.0  mm  on  the  surface  of  a 


porous  gel-sibca  glassibulk  density=l  .40  g/c.c.].  The  rectangular  region!  1 .5  cm  ■ 2.0  cm) 
in  Flguie  S.S  is  the  gel-silica  substrate.  The  magnificadon  of  a character  "s"  indicated  by 
an  aiTow  is  shown  in  Figure  S.6.  about  two  times  larger  than  the  original  size.  The  index 
change  piesent  in  the  GRIN  region  of  the  planar  lens  conitibuies  to  this  magnificadon  of 

It  is  demonstrated  that  a planar  gel-silica  microlens  can  be  used  to  focus  an  opdcnl 
ray  or  magnify  an  image  by  the  GRIN  ragion  produced  by  laser  densificadon.  The  focal 
length  and  the  power  of  the  magnificadon  of  a microlens  depend  on  the  index  change  and 
the  thickness  of  the  GRIN  regton.  The  inibal  density  of  the  substrate  and  power  of  the 
laser  pulse  control  these  variables. 


The  local  length  andnumencal  aperture  of  a hemispherical  planar  GRIN  microlens 
ate  analyzed  using  ray  theory  discussed  in  section  2.3.3[Iga84).  ExperimenDl  variables  in 
the  cnlculadons  include  the  radius(a)  of  the  microlens,  GRIN  depih(d),  and  the  index 
chaDge(An^e  maximuin  refractive  index-ihe  lefracdve  index  of  the  substrate ).  The 
fboisiog  length  Ig  and  the  nominal  numerical  apemire<NA)  of  a planar  GRIN  miciolens  in 
Figure  2.3  can  be  obiained  using  the  following  equadons: 


5.5  Theoradcal  Analyses 


160 


Figure  5.6  Magnificarion  of  a character  "s"  by  a geUsilica  microlens  M-II 
on  a porous  gel-silica  sample. 
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NA  = 0.214^24  (2.10) 

Where  4 = |n(0)-n,  Vn(0),  g is  a focusing  consiaml=(V(24)l/a),  d is  the  depth  of 
the  DI  region  I at  r=0  shown  in  Figure  13.  It  is  assumed  that  optical  rays  aie  focused 
inside  the  subsitsle  medium  with  infinite  length. 

The  relationships  between  the  index  change  4n(a=0.S0  mm.  d^O.IOmm).  the 
calculated  focal  lengdi  and  calculated  numerical  aperture  are  shown  in  Figure  5.7.  Focal 
length  decreases  as  the  index  change  Increases.  The  calculations  show  that  the  nominal 
numerical  aperture  of  the  microlens  increases  as  the  index  change  increases  and  the 
maximum  NA  is  0.10.  In  this  study,  ihe  index  change  depends  on  the  initial  refractive 
index  of  the  gel-silica  substrate.  As  discussed  in  Chapter  4,  a substrate  with  density  >1.30 
gfc.c.  has  a stable  laser  densifted  region  and  a full  density  region  in  the  middle  of  the  laser 
densified  spot.  From  this  result,  the  maximum  index  change  of  the  gel-sUica  glass  that  can 
be  produced  by  laser  heating  is  SO.09  on  a substrate  with  density  21.80  g/c.c.  This  index 
changeisestitnaud  using  Figure  3.19.  Therefore,  the  minimum  calculated  focal  length 
produced  by  laser  densification  on  a gel-silica  subsuate  is  "2  cm  because  of  the  limited 
index  change  £0.09.  The  maximum  nominal  numerical  apetrure(-0.10)  is  also  limited  by 
the  index  change  in  this  study. 

The  relationships  between  the  radius  a(4n=0.09,  d=0.10mm),  GiUN  depth 
d(4n=0.09,a°O.S0  mm)  and  the  calculated  focal  length  are  illustrated  in  Figure  5.8.  The 
cccresponding  focal  length  decreases  drastically  as  the  radius  a of  the  miciolens 
dccreaseslor  GRIN  depth  increased).  The  minimum  focal  length  -0.2S  mm  can  be 
achieved  by  reducing  the  radius  of  the  inicrolens  lo  0.05  mm.  The  minimum  focal  length  is 
-12.5  cm  if  the  GRIN  depth  is  at  0.15  mmfwhen  4n=0.09  and  o^.50  mm).  The  GRIN 
d^ih  d is  limiied  by  the  low  thermal  conductivity  of  the  silica  glass.  Comparatively,  the 
radius  of  the  microlens  has  a greater  influence  on 


I the  resulting  focal  length  of  the 
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Figures.?  Relationships  between  the  index  uhiingelOn)  end  the  calcuUied  foeel  length 
and  t.he  nominal  numerical  aperture  of  lenses. 


Focal  length  (mm) 


Figure  5.8 


i the  radiu&(=a|.  CRIN  depih(^).  and  the  calculated 


focal  length  of  lenses. 
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The  calm  laud  ran|cs  of  ihe  focal  length  of  laser  densiSed  lenses  are  irom  0.25 
mm(a=0.05  mm.  d=0.i0  mm,  in=0.09)  to  88.07  mm(a=0.50  mm,  d=0.10  mm.  in=<I.CQ) 
at  different  processing  variables.  Among  these  variables,  GRIN  depth  d(<200|im)  is 
limited  by  the  thermal  omduciiviiy  of  the  pate  silica  glass.  Index  change  An(S0.09)  is 
limited  by  the  initial  leliactive  index  of  the  gel-silica  substrate  and  the  lequired  stability  of 
the  laser  densified  legion.  The  only  processing  variable  in  ihe  cakulotions  that  can  be 
changed  io  shonen  the  focal  length  is  to  reduce  the  cndius(a)  of  the  GRIN  microlens. 
Radiusfa)  could  be  decreased  by  using  a mask  to  control  the  size  of  the  laser  densified 
region  on  the  gel-silica  substrate.  The  other  passible  melhod  of  improving  the  GRIN  depth 
is  to  increase  the  frequency  of  ihe  laser  pulse  with  lotver  energy.  A densified  region  with 
higher  An  could  poienriaUy  be  achieved  by  use  of  dopants  such  as  GeOa  prior  to 
densification.  bui  this  would  detract  From  the  simplicity  of  the  piocess. 


The  measured  focal  length  of  the  laser  densified  gel-silica  GRIN  planar 
microlensidesctibed  in  section  3.4)  is  compared  with  the  calculated  focal  length  using  ray 
theory.  The  parameters  foriheequations|2.9)  and  (2.10)  used  in  the  comparison  are  listed 
below: 


d=  0.150  mmldeiermined  ton  Figures  4.14  and  4.  IS) 

n2--I.44(deleTmined  using  Figure  3.19) 

n(0)=-1.46 

<1*  0.02/1.45=  0-014 

a=  0.40  mm 

g=(V(2A)l/a)=0.42 


The  caJcuJaied  resulu  ait: 


FL=  38.1mm 
NA=  0.05 

The  predicied  dau  of  the  focal  lengih  1,  fttm  equation  (2.9)  isequalia38.1  mm. 
However,  the  medium  is  assumed  to  be  innniie  along  the  direction  of  the  opdcai  ny  and  the 
focal  point  is  located  within  the  medium.  should  be  mcdified  by  an  equation  due  to  the 
finite  ihidmess  of  the  gel-silica  sample  which  is  listed  below: 

15'=  l(lj|-saniple  thickness(=3  mm)|»[n(oK=l.46)||.  (6.1) 

The  modified  1^'  is  5.14  cm  compared  to  the  measuted  focal  length  which  is  -5.26 
cm.  Thus,  the  calculated  focal  length  is  in  good  agreemem  with  the  measured  focal  length. 

In  conclusion,  equations  (2.9)  and  (2.10)  are  useful  in  predicting  the  FL  and  the 
NA  of  a planar  hemisphencal  GIUN  microlens.  The  calculated  focal  length  Is  consistent 
with  the  experimemal  result.  The  calculated  focal  length  decreases  drasticaUy  at  decreasing 
radius(a)  of  the  microlens,  or  increasing  inde*  change  and  increasing  GRIN  depth  d.  The 
shortest  calculated  focal  length  is  025  mm  where  the  experimental  variables  are  radius 
aM).05  mm.  GRIN  depth  d=0. 10  mm,  and  index  change  in=0.09.  This  short  focal  length 
of  a GRIN  planar  microiens  is  more  applicable  in  micro-optics  than  the  - 5 cm  value 
obtained  experimemally.  However,  the  variables  have  been  identified  which  can  lead  to 
producing  shon  focal  lengths. 


S.6NeeanveMicTolenseslM.im 


A M-ni  negative  microiens  can  be  produced  on  a Type  V full  density  gel-silica 
glass  or  on  a commercial  pure  silica  glass  by  laser  iiradiation.  as  shown  in  chapter  4.  The 


surface  depression  is  foimed  due  lo  evaporadon  of  die  surface  dunng  laser  healing.  No 
GRIN  region  is  foimed  beneath  the  surface  since  a Type  V gel-silica  glass  is  already  fully 
denslTied.  The  c^dcal  ray  is  incideni  perpendicularly  to  the  surface  of  the  gel-silica  sample 
and  diverges  due  lo  the  surface  depression.  However,  the  optical  ray  will  be  "focused"  if 
observed  from  a fanher  distance. 

in  an  experunenial  analysis  of  a laser  produced  M-IU  negadve  microtens.  a lOx 
objective  lens  is  also  used  as  a beam  expander.  The  expanded  HeNe  laser  beam  is  incideni 
perpendicular  on  the  surface  of  the  gel-silica  substrate  with  arrays  of  M-III  negative 
microlenses  shown  in  Figure  3.9(a).  Black  spots  can  be  observed  if  the  screen  is  located 
right  behind  the  gel-silica  samplefin  Figure  5.2)  due  to  the  surface  depression.  As  the 
screen  is  moved  away  from  the  gel-siliea  samplef-  30  cm),  arrays  of  bright  spots  are 
observed  on  the  screen,  shown  in  Figure  3.9(b).  The  bright  spots  and  the  outside 
concentric  rings  result  from  the  diffraction  effect  of  the  lenses.  This  "focusing  t^ility”  of 
the  negative  microlens  is  due  lo  diffracllon,  not  by  reriacdon.  which  is  similar  to  the 
phenomenon  observed  by  Maraldi  as  early  os  in  l723[Hec74].  It  is  called  a "crude 
focusing  lens"  and  this  "focal  length"  is  loo  large  lo  funedon  as  a focusing  lens  However, 
this  type  of  negative  microlens  may  be  used  as  a component  of  a compound  miciolens  for 
Imaging  or  defocusing. 

lo  a second  experiment,  images  of  a lamp  souiccfused  for  illumination  of  a 
microscope)  are  formed  by  using  arrays  of  M-in  negadve  mictolens.  The  setup  for  this 

Figure  3.10(b).  The  round  and  black  region(-0.8  mm  in  diameter)  in  the  picture  is  the 
negadve  microlens  due  to  the  surface  depression  which  will  diverge  the  incident  lightwave 
The  observed  viruiai  images  are  located  just  above  the  M-Ul  negative  microlens  found  by 
changing  the  focal  disiance  of  the  microscope. 
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M-III  ncgauvc  mfcroicns  arrays 
Type  V gcl-ailica  lubsiraic 


Hgure  S.9  Focusing  ^cnomcnonorM-lfl  rrcgaiivc  microlcns  ormys  on  a silica 
substraic.  The  focusing  piicnomcnon  is  due  lo  adirTraciion  efTecL 
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Microscope 

Observarion  position 


(b) 


gureS.IO  Images  of  a lamp  source  of  a mlciuscopefb)  formed  by  two  negative 
microlenses  on  a silica  subsirole  observed  using  a microscopc(a). 
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rays  by  a di^acnon  effect  or  used  as  a component  of  a compound  lenses  fca  imaging  or 
defocusing. 


5.7  MulnmodeGRIN  Channel  Waveguide 

A muldmode  waveguide  is  one  of  the  devices  applied  in  short  distance  nansmissicn 
ofopdcaJ  signals  at  moderate  speedsusing  a LED  souice[Hec87|.  Cuirently,  ion-exchange 
anddilfusion  techniques  are  used  to  fabricate  multimode  channel  waveguides.  The 
disadvantages  of  the  ament  fataicanoo  methods  include 

(a) The  significimt  modal  dispersion  of  a step-index  multimode  flberfor  a 
waveguide)  has  vittually  ebtninaled  their  use  in  telecommunications  systems  of 
any  length  today[CraS8|. 

(b) Tbe  lithographic  technique  is  restricted  to  pioducdon  of  rectangular  optical 
waveguides  which  cause  excess  transmission  loss  and  coupling  loss|Koi38|. 

The  remedy  for  the  loss  and  dispetsion  of  the  step-index  or  tectangular  opticaJ 
waveguide  is  to  fabricate  a GRIN  waveguide.  The  disadvantages  of  cuirem  methods  of 

(a) There  is  a strain-induced  index  change  in  a diffused  waveguide  caused  by  the 
diffusant  siae. 

(b) The  waveguide  made  ftom  the  ion-exchange  process  in  crystals  produce  rodicaj 
difreiences[Par89]. 

Muldmode  channel  waveguides  can  be  made  by  direct-lascr-writing  on  the  paitialiy 
densified  gel-silica  glasses.  A gel-silica  channel  waveguide  made  by  laser  densificadan  on 
a gel-silica  substrate  with  density  equal  to  1.56  g/c.c.  was  previously  reponed  by 
Slocumb[Slo90|.  The  optical  loss  of  the  GRIN  gel-silica  waveguide  was  reported  to  be 
large,  5.2  dB  in  1 1 mm  along  the  guiding  region.  However,  as  discussed 


1 earlier,  a full 
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densiiy  region  was  noi  achieved.  Consequenily.  the  channel  waveguide  was  still  poitius 
and  scanensd  light  and  therefore  was  lossy. 

Loss  mechanisms  of  the  surface  planar  waveguide  which  should  be  considered 

include 

(a) Auenuati<xi  caused  by  surface-roughness'induced  radiation  loss,  and 

(b) ln-plane  scattering  caused  by  leAactive  index  fluctuadons  from  comporidonaj 
variadons  and  by  dimensional  nuciuadons  associated  with  variadons  in  the 
depth  and/or  width  of  the  waveguide(Hal87|. 

waveguideson  a gel-silica  substrate  by  la.serdensificadon  is  feasible.  An  index  change  of 
An-O.OI  for  a channel  waveguide  with  low  loss  can  be  produced  using  a substrate  density 
of  -119  g/c.c.  However,  the  surface  of  the  gel-silica  glasses  must  be  maintained  at  hi^ 
quality  befote  laser  inadiation,  i.e.  tninimaldimensionalanddensity  fluctuations  must  he 
achieved. 


5.8  Conclusions 

There  are  three  types  of  miciolenses  that  can  he  fabricated  on  Type  VI  porous  gel- 
silica  substrates  and  Type  V full  density  gel-silica  substiaies.  They  are  (a)M-I  microlenses. 
a geodesic  lens  a a combined  lens.  (b)M-ll  miotileiises.  a pliinar  GRIN  lens,  and  (c)M-ni 
microlenses.  a n^adve  microleiu.  These  microlense.s  can  be  used  in  the  fields  of 
integrated-optics  or  micro-opdes  described  in  secdon  2.3.5.  Advantages  of  the  gel 
micTDlenses  produced  by  laser  heating  are  summarized  above  in  seedert  5.2. 

Ilisdemonsiraiedthata  M-I CRJN  geodesic  lens  can  be  used  to  focus  an  opticaJ 
ray  parallel  to  the  surface,  and  the  focal  length  is  feasible  for  use  in  inlegtsted-opdcs  or 
acousde-opdes  applications.  It  is  also  shown  that  a M-n  planat  gel-silica  mictokns  con  be 


: surface  or  magnify  an  image  by  (he  GRIN 


m 


used  10  focus  an  optical  ray  perpendicular  lo  the 
region  cieaied  by  laser  densificaiion. 

Theorencal  analysis  of  the  t^deal  properties  of  the  planar  GEUN  microlenses  show 
that  the  focal  length  decreases  drastically  as  the  radius(a)  of  the  microiens  decreases.  The 
focal  lengthlFLl  decreases  as  An  or  depih(d)  of  the  microiens  increases-  The  minimum 
focal  length  con  be  reduced  io  0.2S  mm  if  the  radius  of  ihe  microiens  is  reduced  to  0.05 
mm.  The  calculated  FL  of  S.14  cm  is  consistent  with  (he  esperimenial  result  measured, 
5.26  cm.  It  is  also  demonstraied  that  arrays  of  the  M-HI  negadve  microiens  can  be  used  to 
defocus  an  opdcal  ray  as  a component  of  a compound  microiens. 

The  above  findings  indicate  the  variables  lo  control  in  order  lo  obtain  a low-loss 
GRIN  surface  channel  waveguide.  They  are  speed  of  translation  of  the  gel  sample  in  from 
oflhe  laser  beam  or  vice-versa,  densiricalion  in  a dry  envitonmem,  use  of  gel  samples  wilh 
density  >1.S  g/cc..  high  quality  surface  and  laser  densificaiion  conditions  of  proper  pulse 
energy.  Future  work  will  be  directed  to  establishing  die  relative  importance  and  limits  of 


CHAPTER  6 

CHARACTERIZATION  OF  LASER  DENSIFED  OPTICS 


6.1  Introduclion 

This  chapter  is  focused  on  the  quandianve  analysis  of  the  opdcsl  pcopenies  of  laser 
densified  optical  devices  produced  on  a Type  VI  (porous)  or  Type  V (full  density)  gel-silica 
substrates.  It  is  observed  that  a slight  surface  depression  and  a irnie  dense  region  was 
fonned  on  a porous  gcl-silica  substrate  using  laser  healing.  This  region,  termed  heat 
a5ected  zone,  has  a higher  density,  higher  strength,  and  a higher  refractive  indea  with 
gradient  characteristics.  The  optical  ray  is  deflected  within  this  region  due  to  the  refiactive 
index  change.  Thus,  this  laser  densified  region  can  be  used  as  a focusing  component.  It  is 
caiegorized  os  a M-n  GRIN  planar  microlens  in  Chapter  5 when  the  surface  depression  is 
removed  by  polishing. 

Optical  characterization  of  an  M-II  miaolens  is  shown  in  this  chapter.  The 
characterization  measurements  include  IR  reflectance  spectra  of  the  surface  of  the  laser 
densified  spoL  By  using  a micmscope.  ihe  diameter  of  the  investigated  region  is  reduced 
10  100  pm.  A series  of  IR  spectra  were  obtained  across  the  laser  densified  spot  with  a 
diameier  of  - 1400  pm.  The  IR  spectrum  in  the  middle  of  the  laser  densified  spot  is 
compared  with  the  spectrum  of  a Type  V full  density  gel-silica  glass.  The  result  shows  a 

A series  of  IR  reflectance  spectra  along  the  cross  section  of  the  laser  densified  spot 
at  the  same  depth  is  also  shown.  A profile  of  Ihe  peah  maximum  position  along  the  cross 
section  is  obiained. 
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Re&acDve  indM  profiles  of  ihe  laser  denafied  spot  ai  both  0.633  |un  and  3.57  pm 
are  obtained  The  index  profile  at  0.633  |im  is  evaluated  from  Uie  profile  of  the  peak 


the  reflectivities  of  the  IR  reflectance  spectra  using  a Kramers-Kronig  transfarmation 
discussed  in  Appendix  L The  optical  characterizadon  of  the  GRIN  planar  iziicrolenses  is 
discussed  which  Includes  focal  length,  coupling  effidenoy.  and  the  numerical  aperture.  A 
piofUeof  the  focused  spot  formed  by  a GRIN  planar  microlens  is  also  shown. 

In  addidon.  a surface  depression  was  formed  on  a full  density  gel-silica  substrate  or 
a pure  silica  glass  by  laser  hearing.  This  surface  depression  is  uiuque  in  the  appbeation  of 
integrated  optics  because  the  depth  of  the  depression  can  be  well  controlled  using  laser 
technology.  The  surface  depression  can  be  used  to  guide  optical  cays  if  coaied  with  a 
higher  refnedve  index  film  on  a full  density  silica  substrate,  such  as  shown  in  Figure  2.5 
(c).  The  opdeal  rays  ace  conducted  parallel  to  the  surface  of  the  glass  substrate. 

In  micio-opdcs.  the  surface  depression  on  a glass  surface  can  be  used  as  a negadve 
nricmlens  fee  imagiDg  or  defocusing,  which  is  termed  as  a M-IH  negadve  microlcns, 
discussed  in  Chapter  5.  The  epdeal  rays  arc  incident  perpendicular  to  the  surface  shown  in 
Figure  2.7  (d2).  The  focal  length  of  the  negadve  mictolens  with  the  cenesponding  laser 
processing  parameters  are  derived  accerding  to  the  measured  diameter  and  depth  of  the 
depression. 


maximum  pcsidon  using  Figure  3. 19.  The  index  profile  at  3 J7  |un  is  irans 


sformed  &om 


6.2  Characieriration  Methods 


AM-D  micmlens  has  a more  dense  region  than  the  porous  Type  VI  gel-silica 


substrate  and  the  surface  depression  has  been  lemoved  by  polishing.  The  tnoie  dense 
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region  can  be  used  lo  focus  an  optical  ray  which  is  incident  perpendicular  to  the  surface, 
shown  in  Figure  2-7  le). 

The  instrumental  arrangement  for  measuring  the  focal  length  of  the  GRIN  planar 
gel-silica  microlens  is  illustrated  in  Figure  6. 1 [CXk82|(Shig7|.  A HeNe  loser  is  used  as  an 
optical  source.  The  laser  beam  is  expanded  using  a objective  iensdOx]  to  obtain  a beam 
with  uniformly  distributed  intensity.  The  expanded  beam  is  incident  on  a diaphragm 
adjusted  to  I mm  in  diameter  and  projected  on  the  hemispherical  GRIN  minolens.  The 
focai  length  of  the  micmlens  is  indicated  on  the  figure.  A photo-detector  behind  the  lens  is 
used  to  determine  the  position  of  the  focal  point  at  which  the  hipest  intensity  was  detected. 

Figute  6-2  illustrates  the  instrumental  setup  for  the  measureiiusnt  of  the  coupling 
eRtciency  of  the  mictolens|Shi87|.  Similarly,  an  objective  lens  is  used  as  a beam 
expander.  The  diameter  of  the  diaphragm  I and  diaphragm  2 are  l.OmmandO.S  mm  in 
diameter,  respeedvely.  The  detector  is  located  at  the  focal  plane  of  the  microlcns.  The 
coupling  efficiency  is  determined  as: 

Couplmgefficiency  = (l,/lo)»!00*  (6.1) 

lo  is  the  incident  laser  intensity  on  the  tnicrolens.  I|  is  the  focused  intensity  by  the 
miciolens. 

There  are  two  types  of  numerical  apemire(NA),  one  is  the  nominal  numerical 
aperture,  the  other  is  the  measured  numerical  apemire.  Nominal  numerical  apenures  are 
different  if  derived  from  different  theories.  According  to  Iga|lga84|,  the  nominal  numerical 

(6.2) 


NA  = 0.2n,V2a 
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Where  <1  is  equal  lo  1115-11,^115,  n,  is  ihe  maximum  refractive  index  in  ihe  GRIN 
According  10  Asahara  el  al.[Asa86],  Ibe  nominal  numerical  aperture  is: 

NA  = V(no-n.)(no-fn,)  (6-3) 

The  measured  numerical  aperture  is  equal  u>[Mis34): 

NA  = aan/  (6.4) 


where  a is  the  radius  of  the  GRIN  lens,  f is  the  focal  length  of  Ihe  microlens.  All 
these  numerical  apemaes  are  evaluated  and  compared  in  this  snidy. 

The  charaeteriraiion  meihods  of  the  IR  spectra  and  the  sui^ce  depression  of  die 
microlenses  were  discussed  in  Chapter  3 and  Chapter  4,  respectively. 


Il  is  demonstrated  that  a depression  is  formed  on  the  surface  of  a Type  V gel-silica 
substrate  (or  a commercial  »lica  glass)  after  the  laser  itradianon  shown  in  Figure  6.3.  No 
enhanced  densification  was  formed  under  the  surface.  The  surface  depression  is  due  10  the 
evapotadmt  of  the  silica  induced  by  laser  healing.  The  sample  is  a pure  silica  glass.  R|is 
the  curvaiure  of  die  surface  depression.  Curvature  R2  is  equal  id  °°  due  to  the  flaiiiess  of 
die  substrate.  The  depth  of  die  depression(d  in  pm)  is  obtained  by  using  a Deklak  surface 
profile  measuring  system.  The  diameier(D  in  pm)  of  Ihe  irradiated  spot  is  measu 
sdFLllinmmi: 


using  a microscope.  The  focal  lengths  of  iht 
calculated  according  10  the  formulae  below: 
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Curvature:  R 


Diameter  D 


“T 

R2=» 


: by  laser  heatiiig  on  the 
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Rl=(d7-KI-15  D2)«2.d) 


(6.5) 


iFLll=iRll/(n-l) 


(6-6) 


The  focal  len$ih  is  evaluated  from  the  measured  diameter  and  depth  of  the 
depression.  In  this  study,  the  variations  of  the  focal  length  of  the  negative  tnicrolens  with 
different  laser  processing  parameters  are  shown. 


A series  of  micro-lR  spectra  across  the  laser  densified  spot  arc  obtained  using  a 
FTIR  spectroscopy  equipped  with  a microscope.  Ten  areas  with  diameter  of  100  pm  along 
ihcdiameterofthedensiriedspoiare  investigated  shown  in  Figure  6.4  (a).  Each  number 
of  the  circle  indicates  the  position  of  the  investigated  area. 

From  the  periphery  to  the  center  of  the  loser  densified  spot,  five  reflectance  spectra 
arc  illusttated  in  Figure  6.4  (b).  The  number  (from  1 to5)of  the  spectra  correspond  to  the 

spectra,  the  left  side  is  the  asymmetric  and  the  right  side  is  the  symmetitc  Si'O'Si  stretching 
vibrational  modes.  AS|  and  SS  indicated  on  Rgure  6.4  (b)  represent  the  asymmetric  and 
symmetric  vibrational  modes.  The  peak  maximum  positions  of  asymmetric  and  symmeiiic 
mcdcs  from  spectrum  I to  spectrum  5 are  listed  in  the  right  comer  of  the  figure.  The  peak 
maximum  position  of  the  nsymmenic  vibrational  models  shifted  to  a higher  frequency  from 
1107  to  ll22cm-^  and  is  intensified  (from -45%  to  85%)  from  spectrum  1 to  spectrum  5. 
The  peak  maximum  position  of  the  symmenic  vibrational  mode  is  slightly  shifted  to  a lower 
frequency  and  intensified  from  spectrum  1 to  spectrum  3. 


(b) 


i 


Figure  6.4  Method  of  obtaining  IR  reflectance  spectra  across  a laser  densilicd  spot 
using  FTIR  microspeciroscopy(a)  and  the  results(b).  The  asyininetric 
and  syinineiric  stretching  vibrations  of  Si-O-Si  bonds  are  indicated. 


!8I 


Inseoion  3.6.3.  i(  is  concluded  diu:  as  che  densirication  lempenuute  increases, 
theie  is  a shift  and  an  Increase  in  imensiiy  of  boih  ihe  asymmetric  and  symmetric  stretching 
vibrational  modes.  The  shift  in  the  asymmetric  mode  to  a higher  ftequency  indicates  a 
stronger  Si-O-Si  bondstrengih|Dev8g]lAlm901.  An  increase  in  the  intensities  of  the 
asymoietric  and  symiDetric  modes  indicates  the  formation  of  Si-O-Si  through 
polycondensation  as  a lesult  of  thermal  treatmentfDurgtil.  Sanders  and  Hench  et  al. 
coTKluded  that  infrared  reflectances  are  propiartional  to  the  concentrations  of  the  vibrational 
species  causing  ihem(San74|.  In  this  study,  ns  the  thermal  densiftcation  proceeded,  the 
silica  network  consolidated.  Thus,  an  increase  in  the  concentration  of  the  vibraiionai 
species,  formation  of  Si-O-Si.  intensifies  the  ASi  mode. 

The  results  shown  in  Figure  6.4  (b)arein  accordance  with  this  conclusion.  The 
densiftcation  of  the  laser  heated  region  is  gradually  enhanced  from  the  periphery  to  the 
center,  following  the  imensiiy  distribution  of  the  CO;  laser  beam.  The  peak  maidmum 
position  of  the  center  area  has  the  highest  wavenumber  - 1122  cm'‘  and  has  a lower  value 
of  1 107  cm-'  at  the  periphery  of  the  laser  densifted  spot.  The  giadieni  densiftcation  of  die 
laser  densified  spot  is  a result  of  the  gradient  temperature  distribution  induced  by  laser 
heating,  as  described  in  Chapter  7. 

In  Figuie  6.5  (b),  the  lefteciance  specimm  in  the  center  area  of  the  laser  densifted 
spot  is  compared  with  the  spectrum  of  a fully  densifted  gel-silica  glass,  shown  in  Figure 
6.S  (a).  The  peak  maximum  positions  of  these  two  spectra  are  ideniical.  The  asymmetric 
and  symmetric  modes  of  both  spectra  aie  located  at  1 122  and  782  cm-',  respectively.  That 
means  the  smjcmic,  ie.  average  Si-O-Si  bond  strength  and  imraicirahedial  bond  angle,  of 
the  center  of  the  laser  densifted  spot  is  similar  to  the  structure  of  a Type  V full  density  gel- 
silica  glass  or  a commercial  silica  glass. 

In  ciMidusion,  the  vanations  inthelR  reftcciance  spectra  on  Ihe  surface  of  the  laser 
densifted  indicate  a gradually  enhanced  densirication.  The  total  shift  of  the  asymmetric 
vibrational  mode  is  15  cm-',  the  total  intensity  change  is  -40%  from  the  periphery  to  the 
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3-IR  spcanitn  of  u'l'ype  ^ density  gc^s 
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ccner  of  ihe  laser  densificd  spH.  Conscquenily.ihe  periphery  of  the  spoils  still  pmus 
whereas  the  center  is  fully  densIRed  and  smicuirally  similar  to  a comxtieiuial  silica  glass. 
The  iaser'ifidijced  heat  enhances  the  densiftcadon  of  the  imidiaied  region  which  has  the 
same  results  os  furnace  heating. 


polishlngoff  half  of  the  laser  densified  spot  shown  in  Figure  4. 1 3.  Thineen  areas  with  a 
diameter  of  100  |ui  along  the  diameter  of  the  densified  spot  are  invesdgaied.  as  illustrated 
in  Figure  6.6.  Each  number  of  the  ciide  indicates  the  position  of  the  invesrigaied  area. 

The  depth  of  die  laser  densified  region  is-140|im,  as  discussed  in  Chapter  4. 

Prom  the  peripety  loihecemcrof  the  laser  densified  spot,  four  reflectance  spectra 
are  illustrated  in  Figure  6.7.  The  number  (from  1 to  7)  of  the  spectra  correspond  lo  the 
nmrdter  indicated  on  Figure  6.6.  The  two  dominam  peaks  in  the  IR  specira  are  the 
asymmetric  and  symmetric  Si-O-Si  strerchbg  vibration  modes,  respectivety.  The  peak 
maximumposUionsoftheasyrameoicmodesareindicaied  from  spectrum  I (1103  cm  ')  to 
spectrum  7(1118  cm'').  The  peak  masimiim  positions  of  the  symmetric  modes  are  shown 
fromspecmim  1 (787  cm"')  to  spectrum  7 (783  cm-').  The  profile  of  the  peak  maxintura 
position  along  the  cross  section  of  the  densified  spot  is  shown  in  Figure  6.8. 

From  the  periphery  to  the  center  of  the  laser  dcnsifred  spot,  the  peak  maximum 
position  of  the  asymmetric  vibrational  rmde  is  shifted  to  a higher  frequency,  as  shown  in 
Figured.?  and  Figure  6.8.  The  peakmaximumposiiianofihe  symmetric  vibration  mode 
is  slightly  shifted  to  a lower  frequency.  The  mechanisms  of  the  shifting  were  discussed  in 
the  previous  section.  Thus  the  densification  on  ihe  cn»s  section  of  the  laser  heated  region 
also  shows  a gradient  densificadon  from  the  periphery  to  the  center  of  the  spot 


! depth  were  obtained.  The  cross  section  of  the  gel-silica  sample  was  prepared  by 
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MicTo-FTIR  investigated  region 
100  iun  in  diameio' 
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laser  densified  spot 


Figure  6.6  Method  of  obtaining  IR  redectance  spectra  across  the  cross  section  of  a 
laser  densified  spot  at  the  same  depth  using  FT1R  mioospectroscopy. 
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Figure  6.8  The  proftlfi  of  the  peak  ma*imutn  position  on  ihe  cross  section  of  the  laser 
densified  spot  at  the  same  depth,  corresponding  numbers  of  the 
invesagaied  area  are  indicated. 
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However,  Uie  peak  maximum  po&iiion  in  the  middle  of  the  laser  densified  spoi  has 
Che  highest  value  ofl  1 IS  cnr ' rather  than  1 122  cmv>  because  the  diameter  of  the 
investigated  tegion  is  larger  than  the  diameter  of  the  fully  densified  legion  on  the  cross 
section.  The  diameter  of  the  fully  densified  tegion  along  the  cross  section  is  estimated  to  be 
-10  pm  from  the  study  of  the  VHN  profile  of  the  cross  section  in  section  4.3.3. 

Therefore,  the  highest  peak  maximum  position  in  the  IR  spectra  does  not  show  as  1122cm' 
< but  instead  is  an  average  of  11  IS  cm''. 

In  conclusion,  the  densification  of  the  cross  section  of  the  laser  densified  spot  is 
gnxlually  enhanced  from  the  periphery  to  the  center.  The  total  shift  of  the  asymmetric 
stretching  vibradon  mode  is  equal  iol5  cm  '. 

h 3.3  Index  Profiles 

A reiraciive  index  profile  of  the  laser  densified  spot  at  0.633  pm  is  c^tained  using 
Figure  3.19.  Figure  3.19  illustrates  the  relationships  ofihe  peak  maximum  position, 
refractive  index  and  the  corresponding  bulk  density  of  the  gel-silica  glasses  densified  at 
different  temperatures.  The  refractive  index  at  each  position  across  the  laser  densified  spot 
Is  evaluated  from  the  peak  maximum  positions  (shown  in  Figure  4.12)  using  Figure  3.19. 

The  resulting  surface  index  piorile  of  a loser  densified  microlens  is  shown  in  Figure 
6.9.  The  maximum  refractive  index  is  -1.46  and  is  decreased  gradually  to  the  periphery  of 
the  laser  densified  spot.  The  maximum  refractive  index  in  the  center  of  Ihe  spot  is  equal  to 
the  refractive  index  of  a Type  V gel-silica  glass.  The  refiactive  index  of  the  substrate  is 
evaluated  to  be  -1.37.  The  index  change  of  the  laser  densified  spot  at  0.633  pm  is  - 0.09. 
The  gradient  index  profile  ascertains  the  GRIN  characteristics  of  the  laser  densified  spot. 

The  index  profile  is  obuuned  from  the  relleciiviiies  at  3.37  pm  in  the  IR  spectra 
using  a Kiamers-Kronig  transformation  discussed  in  section  3.63.  The  refractive  index  at 
3.57  pm  at  each  posirion(from  I to  10  shown  in  Figure  6.4  (a))  of  the  laser  densified  spot 
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Figure  6.9  The  refracbve  inde*  profile  on  ihe  surface  of  ihe  laser  densified  spoi  ai  0.633 
corresponding  numbers  of  the  investigated  area  axe  indicaied. 
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is  Dansformed  From  the  corresponding  reflutiviiy.  The  resulting  index  profile  is  illusualed 
in  Figure  6.10.  The  maximum  rcFnictive  index  is  - 1 .69  and  is  decreased  gradually  to  the 
periphery  of  the  laser  densified  spot.  The  refractive  index  of  the  substrate  is  esdmaied  to  be 
- 1.61.  Thus,  the  index  change  of  thelaserdensifiedspot  at  S.STttmiS'O.OS- 

Both  the  index  profOeiat  D.633  pun  and  3.57  >im)  shows  n gradient  index  change 
and  is  panbolic  in  shape.  Figure  3.19  proved  to  be  useful  in  evaluating  the  refracnve  index 
at  0.633  ftm  from  a known  peak  maximum  position  of  the  asyrrtmetric  Si-O'Si  bond 
stretching  vibradon  in  the  IR  spectrum.  The  IR  spectrum  of  the  laser  densified  spot  can  be 
obtained  faster  and  accurately.  The  estimated  Index  change  induced  by  COj  laser  hearing  at 
0.633  fim  and  at  3.57  urn  are  0.09  and  0.08,  respecdvely. 

The  resulting  index  change  and  the  change  in  the  peak  maximum  posidon  of  the 
laser  healed  region  are  consistent  with  the  characteristics  of  the  porous  gel-silica  glass 
during  furnace  dcnsificationdUcusscd  in  Chapter  3.  Figure  6.11  shows  thst  the 
mechanical  property  and  the  c^dcal  properties  of  the  gel-silica  glassesvary  with  the  bulk 
densides  summarized  from  Chapter  3.  The  VHN,  refiaedve  index,  and  the  peak  maximum 
posinons  of  the  gel-silica  glasses  increase  as  the  bulk  density  increases  during  furnace 
dcnsificadon.  Therefore,  the  resulting  property  change  of  the  gel-silica  glass  induced  by 
laser  beating  or  by  furnace  heaung  appear  to  be  the  same.  Upon  heating,  the  bulk  density, 
mechanical  strength,  and  the  refractive  index  of  the  gel-silica  glass  increase.  The  only 
diRertnce  is  that  the  dimension  of  the  heat  a^ted  region  by  using  a COr  laser  is  very 

6.3.4  Optical  Properties  of  M-11  Microlenses 

The  feature  of  the  M-H  miCTOlciis  is  the  CRIN  region  under  the  surface  after 
poUshing  off  the  surface  depression  induced  by  laser  hearing.  The  net  shape  of  the  GRIN 
planar  microlens  is  hemispherical.  The  GRIN  region  has  a higher  reftaedve  index  than  the 
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Figure  6. 1 1 Propenies  of  the  gel-silica  glasses  with  increasmg  bulk  deiisiiy. 
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the  subsiraie  discussed  in  the  previous  section  and  can  be  used  to  focus  an  opticai  ray.  The 
iheoo'  of  the  focusing  ability  of  the  GRIN  lens  is  discussed  in  section  2.3.3. 

Optical  pioperties  of  M-II GRJN  planar  microlenses  are  characteriaed  by  the  focal 
length,  coupling  efficiency,  and  the  numerical  aperture.  The  methods  of  characterization 
are  mentioned  in  section  6.2.  The  results  of  the  optical  properties  of  the  microlens  are 

The  measured  range  of  the  focal  length  of  the  laser  densITied  planar  miaoleiises  is 
4.3210  12.70cm.  This  focal  length  isa  Hide  large  for  micro-optics  application.  Thedepth 
of  the  GRIN  region  is  limited  hy  the  extremely  low  thermal  conductivity  of  the  pure  silica 
glass  subsimie.  However,  the  focal  length  can  be  reduced  by  stacking  two  planar 
microlens  (shown  in  Figure  2.10)  to  Increase  the  depth  of  the  GRIN  region|igag4|.  From 
Figure  5.8,  if  the  depth  of  the  GRIN  region  is  increased  from  100  |im  to  200  lim  the  focal 
length  of  the  microlens  can  be  reduced  from  3.00  to  1.52  cm.  The  measuied  focal  length 
by  Slacking  two  gel-silica  planar  microlens  is  2.49  cm. 

The  measured  range  of  the  coupling  efficiency  is  from  85%  to  95%.  The  coupling 
cfGciency  is  excellent  due  to  the  high  transmittance  of  the  gel-silica  glasses.  The  vaiialions 
of  the  coupling  efficiency  6om  lens  to  lens  depends  on  the  depth  of  the  GRIN  region 
which  is  aifected  by  the  input  laser  power. 

The  nominal  numerical  apenure  of  the  planar  microlens  depends  cut  the  definition 
used.  The  measured  numerical  aperture  is  obtained  according  to  Misawa  et  al|Mis84|.  The 
lesulis  ate  shown  in  Table  6 1 . The  numerical  aperture  can  be  also  enlarged  by  stacking 
two  planar  microlens  to  increase  the  index  change,  the  depth  of  the  GRIN  region  or  the 
resulting  focal  lengthllga84|.  The  nonunal  numerical  apenure  can  be  increased  by 
increasing  the  index  change  as  shown  in  Figure  6.12[lga84].  The  nominal  numerical 
apenure  is  increased  from  0.05  loO.il  if  the  index  change  is  increased  from  0.02  to  0.10. 
The  measured  numerical  aperture  is  increased  fmm  0.02  lo  0.03  if  the  focal  length  is 
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Figure  6.12  The  cffcc\  o/the  index  change  on  the  nominal  numerical  aperture. 
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Optical  properties  of  tiie  M-n  microlenses  rue  demonstrated.  The  focal  length  is  a 
little  la^e  due  to  the  extremely  low  Uicimal  conductivity  of  the  pure  silica  substrate.  Ihe 
focal  length  can  be  reduced  by  increasing  the  index  change  or  the  depth  of  the  GRIN 
region.  The  coupling  efficiency  is  excellent  due  to  the  high  transrriitance  of  the  gel-silica 
glass  at  0.633  pm.  The  numerical  aperture  can  also  be  enlarged  by  increasing  the  index 
change  or  the  depth  of  the  GRIN  region. 

6.3.5  Profile  of  ihe  Focused  Snot 

The  profile  of  ihe  focused  spot  formed  by  a GRIN  planar  gel-silica  microlenses  is 
measured  using  the  setup  shown  in  Figure  6.2.  [nsiead  of  using  diaphragm  2,  a sliif with 
width  SO  pm)  is  attached  in  front  of  the  deiecior.  The  profile  of  the  focused  spot  is 
obtained  by  recording  the  iniensiiy  across  Ihe  focused  spot  as  shown  in  Figure  6.13.  The 
half  width  of  the  intensity  profile  of  ihe  focused  spot  is  estimated  lo  be  - 100  pm. 

The  resuldng  half  width  of  the  focused  spot  is  large  due  to  an  insufficient  index 
change  or  depth  of  the  GRIN  region.  The  depth  of  the  GRIN  region  is  limited  by  Ihe 
exuemeiy  low  thermal  conductivity  of  the  pure  silica  glass  and  Ihe  loser  dcnsificd  spot  is 
made  at  one  shot  of  the  laser  pulse  in  this  study.  In  the  future,  the  depth  of  the  GRIN 
region  may  be  increased  by  increase  the  frequency  of  the  input  laser  pulse.  The  resulting 
depth  could  be  increased  due  to  a larger  peneiration  depth  of  the  laser-induced  heac 

6.3.6Cliaracierization  of  M ill  Microlenses 

In  this  study,  surface  depressions  are  formed  on  a pure  silica  plate  by  laser  heating 
at  various  laser  processing  conditions.  Table  6.2  shows  the  results  of  laser  densiflcation 
for  fabricating  negative  microlenses.  The  variables  of  the  laser  densiflcation  conditions  ate: 
laser  power  (in  watts)  and  L2  (shown  in  Figure  4.2).  Other  parameters  like  pulse  width 
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Figure  6-13  The  inlensiiy  porfilc  of  the  focused 
miCTolens. 


I spot  formed  by  a GRIN  plana 
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(=1.5  seconds),  huniiduy  1-25%),  surrounding  lemperamre  (-  26*0  are  used  dunng  ihe 
laser  treatmenL  The  tow  ttuiidier  represems  ihe  sequence  of  the  laser  irradiated  spots.  The 
columns  show  the  resulting  csperimemal  data  and  the  calculated  focal  length  of  the  negative 
microlens. 

The  diameter  of  laser  irradiated  spots  range  from  0.40  mm  to  0.92  mm  (±0.02mml. 
The  range  of  the  surface  depressions  are  from  -I  mm  to  1 10  mm.  The  calculated  focal 
length  of  the  negative  microlenses  is  around  few  millimeters  as  the  depth  of  the  depression 
is  above  40  pm.  This  short  focal  length  is  usable  in  the  applications  of  micro-optics  or 
acousto-optics. 

It  is  found  that  as  L2  increases,  both  the  diameter  and  the  depression  of  the 
iirediaied  region  decreases.  A higher  incident  laser  power  results  in  a shorter  focal  length 
of  the  negative  microlens.  The  shortest  focal  length  of  the  fabricated  negative  microlens  is 
- 3 mm  due  lo  the  large  curvature  of  the  surface  depression.  The  size  of  the  depression  can 

6.4  Conclusions 

The  variations  in  the  IR  reflectance  spectra  across  the  surface  of  the  laser  denafied 
spot  indicate  a gradually  enhanced  densiflcation.  The  periphery  of  the  spot  is  still  porous 
whereas  the  center  is  fully  densified.  The  densiflcation  of  the  cross  section  of  the  laser 
densified  spot  ai  the  same  depth  is  also  gradually  enhanced  from  the  periphery  to  the  center. 

The  index  profiles  of  the  laser  densified  planar  microlens  at  0.633  pm  and  3.57  pm 
show  a gradient  index  change.  The  esiimaied  index  changes  induced  by  COs  laser  heating 
ai  0.633  pm  and  ai  3.57  pm  are  0.09  and  0.08.  respectively. 

The  focai  length  of  M-11  planar  microlens  is  a little  large  due  to  the  extremely  low 
thermal  conductivity  of  the  pure  silica  substrate.  The  focal  length  can  be  reduced  by 
increasing  the  index  change  or  the  depth  of  the  GRIN  region.  The  coupling  efficiency  is 


exceilem  due  to  the  high  i 


luunerical 
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uansmiRance  of  ihe  gel-silica  glass  ai  0.633  M°i-  » 
apenure  can  also  be  enlarged  by  increasing  ihe  bdex  change  or  the  depth  of  the  GRIN 
legion.  The  tesuinng  half  width  of  the  focused  spot  is  large  which  is  also  due  to  the 
insulficieni  index  change  and  depth  of  ihe  GRIN  region. 

The  shortest  focal  length  of  the  laser  iiradiated  negative  microlens  is  - 3 mm  due  to 
the  large  curvature  of  ihe  surface  depression.  The  size  of  the  depression  can  be  modulated 
by  usbg  different  laser  power  and  vruying  the  distance  L2. 


CHAPTER? 

LASER  DENSIFICATION  MODELINGS 


7.1  I Absiraci 

A ihne-diniensional  transiem  model  te  heal  conduction  in  silica  gloss  is  developed. 
The  model  simulates  a ihtee-dimenslonal  temperature  dismbution  in  a silica  glass  aradiated 
by  a moving  CO2  laser.  Both  the  tedecdvity  of  die  glass  surface  and  the  strong  auenuadon 
of  the  laser  energy  in  the  glass  medium  are  accounted  fen  by  a detailed  radiation  analysis. 
The  energy  absorbed  by  the  glass  is  determined  to  be  confined  in  a 10  Mtn  thickness;  the 
laser  irradiadon  is  thus  treated  as  a boundary  condidon.  The  heat  difiusion  equation  is 
solved  by  using  an  aliemadng-diiection-iinplicit  method. 


Many  models  have  been  developed  for  predicting  the  temperanue  dismbudon  inside 
materials  treated  with  laser  he3dng[CalS2][Cha84|[RapS71.  In  this  study,  the  teznpetatuie 
rise  in  the  material  is  analyzed.  The  lesulis  an  useful  to  determine  the  efien  of  applying  a 
CO2  laser  on  a porous  gel-silica  glass  monolith.  Previous  studies  report  die  processing  and 
piopcrdes  of  the  alkozide  derived  gel-silica  investigated  in  this  study|Par86|[Hen36| 


The  laser  energy  is  assumed  to  be  absorbed  and  totally  transformed  into  heac 
Based  on  the  high  absorption  coefficient|Ksi79|  of  the  glass,  the  laser  cne^y  is  determined 
to  be  absotted  primarily  within  a very  thin  layer  (-10  pmj  of  the  glass  surface.  The 


[Hen88|. 
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Gaussian  disiribudon  of  this  ene^y  is  iiuesraied  wiUiin  ihe  absoption  layet,  and  the 
absorbed  energy  is  [reaied  as  a boundary  condidon  in  die  analysis. 

Tlie  model  developed  in  this  study  simulates  the  three  dimensional  heat  transfer  in 
the  silica  glass  irradiated  by  a moving  CX32  laser.  Relanve  tempeiatuie  distribudons  at 
various  laser  povrer  settings  and  travelling  velocities  are  evaluated  numerically.  Paratnetiic 
studies  for  the  effects  of  the  heat  transfer  coefficient  on  the  glass  surface  and  the  dismal 
physical  properties  of  the  glass  medium  are  also  investigated.  It  is  svell  known  that  the 
properties  of  gel-silica  glasses  are  strongly  related  to  their  processing  tempemnirc.  The 
resulis  presented  in  this  study  can  thus  be  used  to  evaluate  die  piupGXy  changes  due  to  the 
temperature  rise  in  the  gel-silica  glass 

7.1  i Formulation  of  the  Physical  Model 

The  physical  system  under  investigation  is  shown  in  Figure  7. 1 . A focused  COj 
laser  beam  is  travelling  in  the  x direction.  The  thickness  of  the  glass  substrate  is  in  the  z 
direction,  and  because  of  the  motion  of  the  beam,  the  lempetature  distribution  in  glass  is 
symmetrical  with  respect  to  Ihe  x-z  plane:  only  one  half  of  the  medium  is  needed  for 

Tlie  thermal  conductivity  of  the  glass  is  extremely  low  that  the  heatoifecaed  zone  is 
highly  localized  and  rcpiesenied  by  the  shaded  lines  in  the  figure.  The  irradiated  energy  is 
transformed  into  heat  and  diffused  into  the  glass  medium  by  conduction,  while  the  surface 
of  Ihe  glass  dissipates  heat  by  convection  and  radiation  to  the  surToundings|Bai321. 

The  thermal  effect  of  the  laser  iiradibcion  can  be  evaluated  by  a detailed  radiation 
analysis.  Accounting  for  the  retotivity  of  the  glass  surface  as  well  as  the  absorption  of  the 
glass  medium,  the  beat  gcneiuiedby  the  laser  can  be  derived  as 


Q = J Io*(l-R)*exp(-2r7/w2)»[l-exp(-(xd2)12itidr 


(7.1) 


,Tr»v*llino 


Figure  7.1  PhyjiaU  system  oflesec  densificiuion  under  investigation. 


203 


Hereailnoudons  have  beendeflned  in  Table  7.1.  Forlhe  COj laser (ei  wavelengib  of 
10.6  lun)  used  in  this  woric.  liie  generated  heal  is  delennined  s be  conBned  to  a depth  of 
10  iim  measured  from  the  glass  surface,  where  die  laser  energy  is  aiienuaied  to  0.15*  of 
its  surface  value.  This  depth  is  small  to  the  eiteni  that  ihe  laser  headng  can  be  treated  as  a 
boundary  condition.  On  the  bach  side  of  the  glass<z=^),  an  adiabatic  condition  prevails 
because  of  the  low  thermal  conductiviiy  of  glass.  The  problem  can  then  be  fonmilaied 
mathematically  as  foUows(Oa8D!; 


0<x<a 

pcOTfli)  = 7.(h7T),  T(x.y,a.O,  •lxy<b.  t>0 
0<z<d 


(7.2) 


Initial  Condition: 


T(x.y,a.0)  = T, 


(7.3) 


Boundary  Conditions: 


k3T(0,y,z,t)flx=  h[T(0.y,z,l)-T„| 


(7.4) 


T(a.y,z,t)  = T_ 


(7-5) 


T(xib.z,i)  = T. 


(7.6) 


q(vi,y,0,l)*k|3T(vty.0.l)/ai|  - h|T(vt,y.0,t)-T«|  = 0 


0-T) 


Table  7. 1 CalcuJational  variables  and  values. 


a Sample  lengih 

b Sample  width 

c Specific  heai|Tou70a] 

d Sample  thickness 

D Heat  Ddfustvity 

h Heat  transfer  coefTicieiii 

k Thermal  Conductivity|Tou70bl 
q Heat  flux 

Q Absorbed  laser  powerdensity 

Q Absorbed  laser  power 

T Tempeialme 

Tw  Room  temperature 


0.4  cm 
0.2  cm 
lOJJ/fC 
0.3  cm 

6.5  X 10-*(=k/pc)  cmVsec 
7.1  X lO-JW/tm^'C 
3.3x  l(h*  W/cm^ 
1.5xlO-7W/cro=C 

10’(‘^/Az)  W/ctti3 

0.17 

24«C 


Time  step 

V Travelling  Velocity 

w Half  widdi  of  laser  beam 

a Absorption  CoefTident 

p Density 
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5r(x.y,d,t)/3i  = 0 (7.8) 

The  problem  as  given  can  only  be  solved  enacily  for  a special  case  in  which  the  laser  beam 
has  nvellcd  a long  distance  to  the  eioeni  a quasi-sieady  state  is  reached.  At  that  time  the 
glass  lempeniiuie  is  invanant  with  titne  in  a cooidinaie  system  that  is  travelling  along  with 
the  beam.  For  the  geneial  case  of  a short  dme  or  a small  sample  siae  in  a fixed  coordinate 
system,  the  lemperatuie  is  time  dependent,  and  the  pioblem  must  be  solved 
niimencally[Ros46|. 

For  the  present  work,  a finite*diffcTcnce,  altemadng'duection'boplicit  (ADI) 
method  is  used  to  solve  the  problem|Ozl801.  The  intense  heat  from  the  laser  beam  requires 
the  use  of  a very  thin  surface  layer  together  with  short  time  steps  in  Older  to  assure  a 
convergent  solution.  The  criterion  for  stable  solution  is  found  to  be  DAt/|Az)^.S.  which 
governs  the  selection  of  dme  steps  and  spadal  increments  in  the  numerical  solution.  An 
IBM  Convened  Monitor  System  (CMS)  was  used  for  the  compuladon. 

7.1.4  Results  and  Discussion 

Values  of  the  parameters  used  in  the  compulation  arc  summarized  in  Table  I.  Of 
those  listed  in  the  table,  the  values  of  D.  H.  Q,  and  v are  also  changed  in  order  to  examine 
their  effects  on  the  temperature  changes.  For  graphical  ptesemation  of  results,  composite 
diagrams  (see  Figure  7.2  through  Figure  7.5)  are  constructed  so  that  the  lemperatute 
piofUes  in  both  X and  lyl  directions  can  be  viewed  simultaneously.  All  temperanircs  are 

values  evaluated  at  the  beam  center,  in  all  instances  those  evaluated  with  the  tabulated 
parameters  are  used  for  control.  It  is  noted  that  in  each  of  these  plots,  the  laser  beam  has 
moved  to  x equal  to  0.32  cm,  and  the  temperature  profiles  in  ihe  y dlrecdon  are  those  ofT 
evaluated  at  this  x posidon. 


Figure  7.2  Re 


: profiles  ai  diffe 


PosiiiwKcm) 


nt  heal  cransfer  coet^icienu. 


Figure  7.3  Relaiiv 


nperamre  proxies  ai  differee 
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Figure  7.4  Relaiive  temperaiure  profiles  ai  differeiu  laser  power  settings. 
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As  shown  in  Figure  7.2.  a leducdan  of  ihe  ihemial  diffusiviiy  by  one  half  has  a 
minor  effect  of  lowering  the  peak  lemperanses.  For  the  leniperanire  distnbudons  in  ihe  x 
directicxi,  ihe  lempenniie  giudienis  ai  the  leading  sides(x>0.32  cm)  are  always  greater  than 
those  at  the  trailing  sides<x<0.32  cm),  a typical  phenomenon  for  ilie  problem  invesdgated. 
In  fact,  the  trailing  side  lempetanires  are  pracitcaJly  unchanged  with  the  diffusiviiy  changes. 
Physically,  the  lemperanire  decreases  at  low  thermal  diffusivities  can  be  imributed  by  the 
large  heat  capadionce.  which  permits  more  heal  to  be  stored  in  the  glass  medium. 

Doubling  Ihe  heat  transfer  coefficieni  (h)  has  a negligible  effect  in  changing  the 
surface  tempentiirt;  see  Figure  7.3.  The  h value  quoied  in  ihe  table  accounis  for  both  free 
convection  and  radianon.  Notice  that,  while  Ihe  peak  surface  temperature  at  the  beam 
center  is  high.  Ihe  area  over  which  this  lemperanire  is  found  to  be  small.  As  a result,  the 
heat  transfer  coefficient  has  negligible  effect  on  the  surface  lempetaruie. 

We  expect  that  a reduction  of  lasei  power  and  an  increase  of  the  laser  velocity 
would  lower  the  peak  lemperaiuies  found  on  (he  surfaces:  see  Figure  7.4  and  Figure  IS- 
TTie  major  difference  between  Figure  7.4  and  Figure  7.5  , however,  is  in  the  muling  sides. 
A reduction  of  the  power  is  shown  to  have  a dominant  effect  in  lowering  the  bailing  side 
lempenuures. 

The  lemperanire  atienuadon  in  (he  z direcdon  are  shown  in  Figure  7.6  and  7.7.  In 
these  figures,  the  values  of  die  parameters  ore  listed  in  Table  7.1.  Those  peak  lemperarures 
at  z=0  correspond  to  peak  curves  presented  earlier  in  the  composite  plots  in  Figure  7.2 
through  7.5. 

convergence  of  the  numericai  soludon.  The  tune  steps  were  successively  reduced  by  half 
and  Ihe  peak  lemperaiuies  are  compared  for  convergence.  As  shown  in  Figure  7.g.  Ihe 
temperatures  converged  to  within  0.4%  for  dme  steps  changing  from  0.002  to  0.001 


and.  The  results  presenied  in  this  paper  were  obtained  by  using  a lime  step  of  0.002 


mensional  lemperacure  distribution  on  X-Z 


Figure  7.6  Thiee-diti 


; plane. 


'niree-dimensional  lempeisture 


: disoibudon  on  Y-Z  plane. 
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Figure  7.8  Convergence  of  the  soludon  of  equanon  (7.2). 
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7 i.S  Conclusions 

Paramelric  effects  cn  the  calculaied  lemperarure  disDibudon  in  the  lUica  glass  are 
investigaied.  The  results  show  that  the  laser  inadiaied  area  is  hi^y  localized  for  an 
assumed  condition.  The  accuracy  of  the  method  depends  mainly  on  the  number  of 
elemetiis  used,  and  the  computing  time  available(GarS8).  The  results  presented  in  this 
study  ate  useful  to  coiielale  the  laser  treatment  with  the  property  changes  in  the  irradiated 
area  of  the  gel-silica  glass. 


A three-dimensional  transient  mcdel  for  the  temperature  distribution  of  a laser 
heated  region  is  developed.  This  model  is  used  to  simulate  a ihiee-dimensionaJ  temperature 
distribution  produced  by  the  localized  laser  heating  on  a pure  porous  silica  glass.  In  a 
previous  study[Chi90].  the  laser  energy  absorbed  by  the  glass  is  deiermined  to  be  confined 
10  a -10  pm  thictocss.  The  laser  intensity  in  the  silica  glass  attenuates  lapdly  to  0.1d%  of 
Its  initial  value  at  the  depth  of  10  pm.  The  absorbed  energy  is  assumed  to  be  totally 
miDsfotmed  into  heat  The  generated  heat  within  the  thin  layer,  approximately  10  pm.  is 
subsequently  conducted  into  the  glass  substrate  and  results  in  a gradient  lemperanire 

The  heal  transfer  equation  is  solved  by  using  an  altemaiing-dlrection-implidt  method.  The 
strengths  of  this  method  an;  also  discussed. 

The  importance  of  the  Ihermal  modeling  is  to  predict  the  three-dimensional 
temperature  disuiburion  within  a limited  region.  It  is  technically  difficuli  to  measure  the 
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leraperamre  distribution  in  ihe  heaied  region  of  1 mm  in  diameter  and  0. 1 mmindepiii.  In 
order  to  determine  a temperature  distribution  experimentally,  arrays  of  thermoeoupics 
would  be  needed  for  instrumentation  within  that  small  region  inside  the  glass  substrate  to 
record  the  tempetature  distribution.  In  this  study,  a thousand  temperature  data  points  in  the 
irradiated  region  of  a volume  of  2x2x2  mm^  are  computed. 

The  other  motivation  of  developing  ihis  thermal  model  is  that  the  ptoperties  of  the 
gel-siUca  glass  are  strongly  affected  by  the  processing  temperature,  as  discussed  in  Chapter 
3.  As  the  processing  temperaiure  increases,  the  bulk  density  and  the  refractive  index  of  the 
porous  gel-silica  glass  increase  till  the  gel-siiicn  glass  is  fully  densifiedfbulk  density  = 2.2 
gfc.c.).  In  this  effort,  a COi  laser  serves  as  a heat  source  to  enhance  the  densificatlon 
locally  on  the  porous  gel-silica  glass.  And  the  resulting  property  varinrions  of  the  laser 
inadiaied  region  on  the  partially  densiiied  gel-silica  glass  is  controlled  by  the  temperature 
distribution.  Thus,  the  results  of  this  thermal  model  can  be  used  to  predict  or  compote  witb 
the  prtqierty  distributions  of  the  laser-irradiated  region  on  the  gel-sihca  substrate. 

In  this  study,  there  is  no  relative  motion  of  the  glass  sample  and  the  CO2  laser 
souroe.  Around-shapespotoniheglnss  surfaceisobservedafieTihelasecheadng.  The 

healing  rate  and  the  cooling  rate  of  the  laser  heating  are  analyzed.  Three-dimensional 
temperaiure  distributions  of  the  loser  iimdiated  region  are  obtained  numerically. 

The  property  variations  of  the  laser  densified  spots  were  characterized  by  using  a 
FTIR  reflectance  microspectroscopy  and  a microhardness  tester  discussed  in  Chapteis  4 
and  6.  Profiles  of  the  Vickers  hardness  number  and  the  peak  maximum  positioniPMP)  of 
the  laser  irradiated  spot  are  obtained.  Comparisons  of  the  propeny  profiles  with  the 
calculated  ihree-dlmensional  tempeianire  distributions  of  the  laser  irradiated  region  are  also 


7.2.2  Commiiapon  Mcihod 


There  are  ihtee  approaches  lo  solve  a prrtlem  of  heat  transfer  using  (1) 
experimental,  (2)  theoretical,  and  (3)  numerical  melhods|Atid84|.  [f  the  invesdgaied  regi«i 
is  too  small,  it  is  difficult  to  use  ihe  cxperimenml  meihod.  The  iheoretical  method  is  usually 
restricted  to  a simple  geometry,  idealized  condidons  and  linear  problems.  There  are  many 
advantages  of  using  the  numerical  meihod  which  include 
(a)il  is  not  restricted  lo  linearity. 

<b)ii  can  be  applied  to  complicated  geometry,  and 
[c)lhe  dme  evolution  of  heat  transfer  can  be  obtained. 

A ncdtious  ordbory  differentiaJ  equadon  solved  by  using  the  numerical  methcd  is 
used  as  an  example  to  show  the  reladonship  between  the  spadal  stepfAx  or  Ay  or  Az|  for 
the  calculadons  and  the  resulting  solutions.  Figure  7.9  illustrates  the  exact  soludonsl^fx)) 
and  the  numerical  soludonsftP',,  1^1  to  n)  of  a fictidous  ordinary  differendal 
equadon<i.eiieai  transfer)  discussed  by  Shih(Shig4].  <Mx)  represents  the  exact  solutions, 
<I>i  to  4>„  give  the  finite  difference  solutions.  It  is  found  that  as  Axfspotial  step)  decreases, 
the  finite  difference  solutions  are  closer  to  the  exact  solutions.  And  the  accuracy  of  the 
solution  can  be  increased  by  reducing  the  spadal  step,  however,  at  an  increasing  computing 
cost  and  time.  In  this  study.  Ax  is  selected  as  0.20  mm,  a compromise  between  the 
accuracy  and  the  computing  cost. 

Thealiemaiing-direcdtKi-impiiciimeihodfADt)  used  in  this  study  was  developed  by 
Peaceman  and  Rachfoiti  in  1955  and  Douglas  and  Rachford  in  1956(And84|.  The  ADI 
meihod  is  one  of  the  finite-difference  numerical  methods  where  the  allowed  spadal  step  Is 
unrestricted  to  ensure  numeticnl  stabiliiy|Shi84|.  Some  assumptions  are  made  and  a high- 
speed digital  computer  is  used  to  solve  the  governing  heat  transfer equaiion|And84J. 

The  heat  governing  equation  (7.2)  is  discretized  using  the  ADI  meihod  acconiing  to 
Figure  7.10; 
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Dfl  and  an  approximain  soladon  from  a finile-diffoenca 


Fig  7.9  A fictitious  exact  soludc 
method,  after  rShi34|. 
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Rgure  7.10 


A mesh  structure  of  the  glass  substiaie  designed  for  the  computations  of  the 
thtee-dimension  temperature  dismbunon  by  loser  inadiation.  each  point 
in  the  mesh  represents  a data  point. 
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pc^AxdyAz)  = (iyAzl-k^^  (dyaiH- 

qikiyik-h(Tt,,i-T„)(AxAy)  (7.9) 


AXj^i-Ax,.| 
a*-  2 


4x,^j=4*i.j-AXi 

i*i-OJ=<iXi-i>‘i-i 


iyj-oj=^yj-^yj-i 

a*k^.j=2Az=i,-z, 


(i,  j,k).  where  i,j.k=l  through  n.  Parameters  h.  k,  q,  i ond  T are  given  in  Table 
7.2.  This  discrenzed  equation  is  then  programmed  by  using  R3RTRAN  written  by  Qin 
and  listed  in  Appendix  IL  The  temperatures  are  computed  by  using  a IBM  Convened 
Monitor  System(CMS). 

A convergence  check  is  needed  as  the  thermal  model  is  solved  using  the  ADI 
methcd.  In  Figure  7.11,  itis  shown  that  the  maximum  temperature  obtained  from  the 
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X 


Figure  7.  U A ihfee-dimensionsi  lempmnire  profile  produced  by  laser  inadiacion  on  die 
surface  of  a silica  glass,  with  more  than  1000  data  points  per  volume. 
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simulaDons  inotases  and  levels  ofT  when  ihe  time  step  di  is  decteased  from  O.OS  lo  0.001 
seconds.  Thus,  die  convergence  of  the  solution  is  verified.  A time  step  of  O.Ol  second  is 
used  for  ihe  lemperanjie  simulation  in  ihis  study  which  is  also  a compromise  between  the 
accuracy  and  economy. 

7.2.3  Computation  Results 

Figuie  7.12  shows  the  physical  system  for  the  laser  densificaiion.  A focused  CO: 
laser  beam  is  incident  on  a partially  denslfted  gel-silica  glass.  The  shaded  region  represents 
the  heat  affected  zone  produced  by  laser  irradiatiDn.  a(lengih).  b(width),  and  d(depth)  are 
the  dimensions  of  the  sample.  In  Figure  7.13.  a ihree-dimensioaal  cubic  mesh  is  used  to 
ftame  the  temperature  disuibution  in  the  heat  affected  zone.  More  than  1000  grid  pointsin 
the  heat  affected  zoneaie  investigated  within  a volume  of  2x2x2  mm^  (i,  j.  k|  in  Figure 
10  represents  the  positions  of  the  grid  points  in  the  cubic  mesh. 

The  temperature  pioRles  investigated  in  this  study  are  illustrated  in  Figuie  7.14. 

One  is  the  surface  lemperaiure  distribution  of  the  laser  irradiated  region  on  the  X-Y  plane; 
see  (a)  In  Figure  7.14.  The  other  is  the  tempeniiure  profrie  of  the  cross  section  of  the  heat 
affected  zone  on  the  X-Z  plane:  see  (b)  in  Figure  7.  T4.  In  addition,  the  healing  rate  and 
cooling  rate  can  also  be  obtained  from  this  transient  thermal  model. 

The  physical  parameters  of  Ihe  gel-silica  glass  are  assumed  to  be  close  to  that  of  a 
commercial  silica  glass  because  the  bulk  density  of  the  gel  silica  substrate  used  for  the  laser 
densification  is  larger  than  1.90  g/c-C.,  which  is  larger  than  8S%  of  full  density  of  iused 
silica(2.2  gfc.c.).  The  other  parameters  used  in  the  compuiadons  ate  listed  in  Table  7.2. 

The  operating  conditionsOaser  power,  pulse  width  and  the  laser  beam  width)  of 
laser  densification  are  used  to  simulate  the  lemperanire  disuibuiions.  The  diameier(=2w)  of 
the  laser  beam  used  in  the  compulation  is  1 .0  mm  which  is  determined  by  measuring  the 
diameierof  the  laser  irradiated  spot  on  an  alumina  plate.  From  Figure  4.3,  if  the  laser  pulse 
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Figure7.12  Hiysical! 


3f  laser  densificaiion  i 
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(a)  Top  view  of  the  heal  affected  zone 


Toepemure  CQ 


X 


Figure  7.13  Schematic  of  the  heat  affeceid  zone  and  the  lemperaiure  profdesonihe 
suifacefa)  and  the  cross  sectionfb)  of  a laser  inadiated  spot 
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Table  7.2  Calculated  variables,  sample  speciBcariom,  and  propeny  valu 


Nomenclanin! 

Values 

a Sample  length 

b Sample  width 

d Sample  thickness 

D Heat  DifTiisivity 

k Thermal  Conductiviiy 

Q Absorbed  laser  power  density 

q Heat  flux 

0.4  cm 
0.2  cm 
las  J/g“C 
0.3  cm 

6.5  X 10^(«k/pc)  cmVsec 
7.1  X 10-5  W/cm7»C 
1 J X 10-JW/cm'C 
7.3  X 10*(t}/4i)  W/crcP 

R Eleflectiviiy 

0-17 

T Temperamfe 

Tm  Room  temperarure 

2«1 

V Travelling  Velociiy 

w Half  width  of  laser  beam 

0.01  second 
Ocin/sec 
0.05  era 

fiz  Depth 

a Absorption  CoefTicient 

p Density 

6.5  X 10-'  l/pm 
2.2g/cmJ 
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is  equal  10  l.S  seconds  and  ihe  power  seidng  is  >6tnA,ihe  inpui  laser  energy  is  20  watts. 
The  input  laser  power  density  Q used  in  the  computations  is  estimated  to  be  7.30x10® 
W/cm’  when  the  input  laser  power  is  set  at  20  wans.  The  absorbed  20  watts  is  conlinetl  in 
a hemisphere  of -0.10  cm  in  diameter  and  10  pin  in  depth.  Thus,  tbeene^  is  dissipated 
in  a volume  of  approximately  2.73x10'®  cm’  resulting  in  a calculated  power  density  of 
7.30x10®  W/cm’. 

The  surface  temperature  proTiles  on  the  X-Y  plane  at  diffeieni  time  steps  are  shown 
inP1gure7.13.  This  figurecompares  the  lesuliing  profiles  if  the  time  stepis  cluuigcd.  The 
temperaiuie  pioftle  elevates  as  the  time  step  di  decreases.  It  Is  found  that  there  is  little 
difference  between  the  temperature  profiles  with  time  steps  equal  to  either  0.01  ct  0.001 
seconds.  In  addition.  Figure  7.16  shows  the  comparison  ofthe  temperature  profiles  on  the 
X-Z  planetcross  section}  at  difTerent  dme  steps.  There  is  little  diiTerence  between  the 
temperature  profiles  with  time  steps  equal  to  either  0.01  or  0.001  seconds.  Consequendy. 
it  Is  acceptable  to  use  0.01  second  to  be  the  time  siep  for  the  computations. 

Figure  7.17.  a three-dimensional  diagram,  shows  the  tempetature  profile  on  the 
sutfacefon  the  X-Y  plane  in  Figure  7.12)  of  the  laser  irradiated  region.  TheT-axis 
represents  the  calculated  lemperanire.  X and  Y axes  give  the  position  of  the  laser  irradiated 
region,  the  maximum  length  is  2 mm  in  Y and  1.8  mm  in  X direction.  The  ctnier  of  the 
profile  shows  die  highest  temperature  which  follows  the  laser  beam  profile  is  of  a Gaussian 
distribution,.  The  lemperanite  rises  to  a maximum  of  about  11S0°C  in  the  middle  ofthe 
laser  iiradiaied  region,  a value  equivalent  to  the  temperature  needed  to  fully  densify  the  gel- 
silica  glass  by  furnace  heating,  as  discussed  in  Chopier  3.  The  diameter  of  the  heat  affected 
zoneffiom  ll50°Clo24°Q  evaluated  from  Figure  7. 17  on  the  surface  is  2.0  mm. 

Figuie  7.18  shows  a ''contour  map"  of  the  temperature  distribution  in  Figure  7.17. 
The  temperature  values  for  each  pattern  arc  provided  by  the  Itey  on  the  right  marpn.  The 
heat  affected  hone  with  lemperanire  greater  than  600°C  seems  to  be  confined  to  I mm  in 


diameter.  Sin 
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Position  in  x-direcnon  (mm) 


Figure  7.15  Surface  temperanire  profiles  on  the  X-Y  plane  at  diffe 
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16  Temperature  profJes  wi  the  cross  section  o 
diffecem  time  steps. 


of  a laser  irradiated  regie 
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densified  spot.  Dimensions  and  lemperauire  range  are  also  indicated . 


Figure  7-18 


induced  cemperanire  in  ihc  heat  aRecied  2one(wiih  diameters  >1  mm  and  < 2 mmj  shouid 
be  a reaiiJi  of  heat  transfer.  The  temperature  contour  can  be  made  smootii  if  the  spatial  step 
is  reduced.  However,  the  coat  of  the  computation  will  be  too  high. 

Figure  7.19  illustrates  a three-dimensional  temperature  distiibtidon  on  the  X-Z 
plane.  Again,  the  absorbed  energy  in  the  middle  of  the  laser  iiradiaied  region  reaches  a 
maximum  and  it  decreases  as  the  depth  increases.  Clearly  in  Figure  7.19,  the  depth  of  the 
heat  affected  eonelfrom  1 150°C  to  24°C)  is  - 1.0  mm.  Figure  7.20  illustrates  a contour 
map  of  the  temperature  distribution  in  Figure  7.19.  Again  the  right  margin  provides  the 
key  to  the  temperature  distribution.  The  dimension  of  the  depth  is  not  equally  divided  in 
the  calculadcms  in  older  to  get  a detailed  lempcature  information  within  a thin  layeiffive 
data  points  within  a depth  of 200  ttm).  The  temperature  distribudons  almg  the  d^th  will 
be  discussed  in  Figures  7.24  and  7.2J. 

Heating  rate  and  cooling  rate  of  the  glass  substrate  by  laser  irradiadon  can  also  be 
obtained  from  the  simuladon.  The  laser  beating  dme(=laser  exposure  dine)  is  1.5  seconds. 
After  that  the  irrediaied  region  cools  due  to  heat  transfer  by  radiation,  convecdon  and 
conducdon.  The  temperature  change  is  computed  in  the  middle  of  the  surface  laser 
irradiated  region,  the  headng  and  cooling  curve  at  the  investigated  point  are  shown  in 
Figure  7.21.  At  the  end  of  the  headng  dme,  the  temperature  reaches  a maximum  of  about 
1 150°C  and  it  drops  as  soon  as  the  heat  source  is  removed-  aeaily.  the  heating  and 
cooling  rates  are  nonlinear.  The  heating  rate  from  0 to  0.25  second  is  calculated  to  be 
-2200°Cfsec(=550°O0.25  sec)  which  is  quite  high.  From  0.25  to  1.5  seconds,  the  heating 
rate  drops  to  -460°C/sec(=575°OI  .25  sec).  The  cooling  rale  Is  calculated  to  be  -1200 
'Osec(=(  1 150-5S0)"O0.5  sec)  during  the  first  half  secondd. 5-2.0  second)  after  retnoval 
of  the  headng  source.  The  cooling  rate  fiw  the  remainder  of  the  cooling  curve  is  reduced  to 
-300»0sec(=(550-250)«01  sec).  As  expected,  the  headng  rate  and  cooling  rate  are  high 
during  the  initial  heating  and  cooling  periods.  The  iovrer  headng  rate  du 
seconds  minimizes  the  crack  or  foaming  of  the  laser  irradiated  region. 


ring0J5-1.50 


232 


Tcfnpeninire  <*C) 


i-dimeiisioiial  diagram  shows  ihe  lei 
ecdonofalaserdensiried  spoi.  Din 
ire  aiso  indicated. 


□perature  profile  on  the 
lensions  and  lemperanjce 


Figure  7.19 


233 


X 


Figure  7.20  A contour  map  of  ihe  temperaiure  profile  or  the  cross  sector  of  a laser 
densified  spot,  dimensions  and  leitpcraiure  range  are  also  indicated  . 
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The  changes  of  the  surface  lemperaruxe  profiles  during  heating  and  cooling  period 
ace^own  in  Figure  7.22  and  Figure  7.23,  respectively.  The  time  steps  are  taken  to  be  0.5 
second.  In  Figure  7.22.  the  temperature  increases  rapidly  upon  inception  of  laser  heating 
as  shown  by  the  large  distance  between  the  temperature  profiles.  During  cooling,  as 
shown  in  Figure  7.23.  the  cooling  rate  is  high  in  the  first  0.5  second  of  the  cooling.  The 
wings  of  the  temperature  proTite  at  1 .5  second  are  laised  to  be  higher  than  those  of  the 
inidal  at  0 second,  a result  of  the  heal  conduction  in  the  glass  substrate  during  cooling. 

Figure  7-24  and  Figure  7.25  give  the  temperature  history  in  the  center  of  the 
inadiated  region  at  different  depths.  Time  steps  are  taken  to  be  0.5  second  for  each 
lemperaiure  plot.  The  same  conditions  occur  in  the  ten^etature  profiles  of  lire  cross  section 
during  heating  and  cooling.  In  Figure  7.24.  the  temperature  rises  rapidly  at  the  beginning 
of  the  laser  heating  and  reaches  a maximum  at  the  end  of  IJ  second.  During  cooling,  as 
shov/n  in  Figure  7.25.  the  cooling  rate  is  high  in  the  first  0.5  second.  And  the  wings  of  the 
(emperature  ptofile  at  1.5  second  are  higher  than  those  of  initial  wings  at  0 second  a result 
of  the  heat  transfer  through  conduction  during  cooling,  ft  is  also  found  that  at  1.5  second 
the  heat  affected  zone  with  temperature  higher  than  700°C  is  confined  at  depth  smaller  than 
140  pm.  Deeper  heat  penetration  requires  lower  laser  energy  densities  with  continuous 
inadiadon  until  uldmately  thick  layers  are  obiained[Mor90|.  For  our  studies  only 
concentrated  heating  zones  are  required 

Oearly  the  heating  and  cooling  rate  of  laser  heating  is  quite  high.  Therefore, 
annealing  of  the  irradiated  region  is  indicated  for  funirc  studies  to  relieve  any  residual 
stress.  However,  there  is  no  indication  of  stress  birefnngence  around  densified  spots,  so 
this  may  not  be  a problem. 

In  Figures  7.22  and  7.23,  the  diameter  of  the  heat  affected  zone  on  the  surface  is 
2j}mm.  At  the  region  with  diameiBr  smaller  than  1.0  mm,  the  induced  temperauire  is 
higher  than  600®C.  In  Figures  7,24  and  7.25,  the  depth  of  the  heat  affected  zone  is  1.0 
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Figure  7.22  Ths  lempeniiure  piDriksoo  th«  surface  of  the  gloss  subsuare  upon  heating. 
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Rgure  7.23  The  temperamre  profiles  on  ihe  surface  of  ihe  glass  subsiraie  upon  eooling. 
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Figure  7.24  Tlie  lemperaiure  profiles  on  ihe  crass  section  of  Uie 
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Figui^  725  The  temperature  profile 
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mm.  Al  deplh  smaller  than  140|im,  ihecalculaietl  lemperamre  is  higherihan  TOO'C. 
These  resulis  ore  conslsiem  wiih  ihe  furnace  densificadon  of  ihe  gel-silica  glasses  ihai  die 
lempeiaiufe  higher  ihan600°C  resulis  in  funherdensiTicadon  of  a porous  gel-sillca 
suhsiraie 


The  simulated  temperature  dismbudons  are  comparable  with  the  eaperimcmal 
resales  obtained  for  the  laser  denslfied  spots.  VHN  ptofiie  and  PMPfpeak  maximum 
posidon)  profile  on  the  surface  and  the  cross  secdon  of  the  densifled  legioii  were  shown  in 
Chapters  4 and  b.  VHN  and  PMP  increases  as  the  densificadon  temperature  increases  dll 
[hcyreachamBximumof812±I8and  1122  cm->,  respeedvely.  Both  the  VHN  and  PMP 
of  the  gel-silica  glasses  can  be  taken  as  an  indication  of  the  localiaed  denslficailcn.  as 
demonstrated  earlier. 

In  Figure  7.26  (a),  Ihe  calculated  lemperatuie  piofiJe  is  compared  with  the  VHN 
pnrfUe  cm  Ihe  surface  of  Ihe  laserdensifiedspot.  The  maximum  temperature  and  raaxuirum 
VHN  in  the  profile  are  located  at  the  same  posidon  of  1.0  mm.  The  highest  iaser-induced 
ieroperadiie(=ll46°C)ixnTespondsiosmaximumVHN(=802).  The  User  generated  heat 
effectively  enhances  the  densificadon  of  the  gel-silica  substrate  and  produces  on  increase  in 
VHN  when  the  calculated  temperature  is  higher  than  300“C.  In  Figure  126  (b), 
normaliaed  temperature  and  VHN  at  different  positions  are  also  shown.  Qearly,  these  two 
profiles  based  on  the  same  scale  are  matched  in  width  and  shape  of  the  profiles.  The  laser- 
induced  property  changes  follow  the  calculated  temperature  distribution.  Noimaliaed 
temperature  or  normalized  VHN  is  obtained  from  the  following  equations: 


m itmperatiire(=l  146“0 


(7.10) 


nomialized  temperature  = - 


Figiue  7.26  Comparison  oF  the  colcualied  lempemnire  profile  with  the  VHN  piofiJe  on 
[he  surface  olon|  ihe  diameier  of  (he  laser  densiried  spot  as  shown  in  (a), 
normalized  lempersnire  and  VHN  varied  with  position  are  shown  in  (b). 
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(7.11) 


Figure  121  (a)  shows  the  calculated  temperature  profile  and  the  PMP  profile  on  the 
surface  of  the  laser  densified  spot.  The  PMP  is  obtained  from  the  IR  reflectance 
microscope  spectra  ofa  laser  densified  spot  using  the  IR  microscope,  as  discussed  in 
Chapters  4 artd  6.  PMP  at  each  posidon  is  an  average  of  a region  with  100  pm  in  diamerer 
shown  in  Figure  4,15.  The  maximum  temperaruxe(-1146°C}  artd  the  tnaximum  PMP(ll22 
enr*)  in  the  profile  is  located  at  the  same  position  of  1 .0  mm.  The  laser  generated  heat 
effectively  enhances  the  densificadoti  of  the  gei-silica  substrate  and  produces  an  increase  in 
PMP  when  the  calculated  temperature  is  Ngher  than  iOO°C.  In  Figure  7.27  Cb).  normalUed 
temperature  and  PMP  at  different  positions  are  shown.  These  two  profiles  based  on  the 
same  scale  are  matched  in  width  and  shape  of  the  profiles.  This  ihemial  model  successfully 
predicts  the  dimensions  of  the  heat  affected  rone.  Normaliaed  PMP  is  obtained  fiom  the 
following  equation  due  to  the  large  value  of  the  PMPfup  to  1 122  cm  >): 


nomtalized  PMP 


maximum  PMP-mea! 
maximum  FMP-mini 


IPMP 
I PMP 


f7.12) 


In  Figure  7.28  (a),  the  calculated  leiigieratuie  profile  is  compared  with  the  VHN 
profile  on  the  cross  section  of  the  laser  densified  spot  at  increasing  depth.  The  depUi  of  the 
heat  affected  zone  is  esdmaied  to  be  <200  pm.  The  VHN  drops  sharply  to  -500  from 
surface  to  the  depth  of  1 .40  mm  where  the  emtesponding  lempetatine  is  - 700“C.  nie 
generated  beat  enhances  the  densificadon  of  the  gel-silica  substrate  and  produces  an 
increase  in  VHN  when  the  calculated  lemperaiure  is  > SOfFC.  Comparing  the  calculated 
lemperaiure  of  the  base  lines  of  the  VHN  profiles,  the  calculated  temperature  of  the  cross 
section  is  200°C  higher  than  ihaiof  the  suifacefin  Figure  7.26  (a)).  It  indicates  that  the 
cross  secdon  of  ihc  glass  sample  has  higher  mechanical  strength  and  higher  calculated 
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Figure  7.27  Comparison  of  the  calcualled  lempenltire  profile  wiih  the  PMF  profile  on 
the  surface  along  the  diameter  of  the  laser  ^nsified  spot  as  shown  in  (a), 


RguR  7.28  Comparison  of  ihe  caJcualled  Kmperaliire  profile  wilh  the  VHN  profile 
in  Ihe  middle  and  along  the  cross  section  of  the  laser  denslfied  as 
shown  in  (a),  normalized  lemperaiure  and  VHN  varied  with  depth  ate 


t.  In  Figure  7.28  (b).  nomulized  lempeisniit  and 


VHN  a(  difTerem  positions  are  shown.  These  rwo  profiles  based  on  die  same  scale  are 
matched  in  ihe  shape  of  die  profiles. 

Figure  7.29(b>  shows  the  calculaied  temperature  profile  and  the  PMP  profile  on  the 
cross  section  of  die  laser  densified  spot  as  a funcuonof  increasing  depth.  In  Figure  7.29 
(b).  normalized  icmperahue  and  PMP  at  di^eiem  positions  are  shown.  These  profiles  in 
(a)  and  in  <b)  based  on  ihe  same  scale  are  decreased  at  increasing  depth,  however,  they  ate 
not  matched  in  the  shape  of  the  profiles.  The  discrepancy  may  be  attiibuled  to  the  fan  that 
the  PMP  at  each  depth  is  an  average  of  a investigated  tegicai  with  diameierof  lOOpmaiid 
the  depth  of  the  heal  affected  zone  is  very  small  which  is  140  pm. 

Figure  7.30  (a)  shows  the  calculated  lempeiatioB  profile  and  the  PMP  profile  along 
the  cross  secoon  at  the  same  depth.  The  temperature  profile  at  a depth  of  37  pm  is 
illustrated  at  the  left  side  of  the  figure.  The  PMP  profile  is  oblained  fiom  the  FTIR 
reflectance  spectra  at  adepth  equal  to  SO  pm  shown  in  Figure  6.8.  The  diameter  of  the 
region  investigaicd  using  FTIR  microspecnoscopy  is  100  pm  shown  in  Figure  4.13.  The 
PMP  increases  to  a maximum  at  the  center  of  the  cross  section.  This  maximum(=i  118  cm- 
>)of  the  profile  at  adepth  of  50  pm  is  lower  than  die  surface  PMP(=1 122  cnr').  In  Figure 
7.30  (b),  normalized  lemperarure  and  PMP  at  difiereni  positions  are  shown.  These  two 
profiles  based  on  the  same  scale  are  matched  in  width  and  shape  of  the  profiles. 

Above  comparisons  fran  Figures  7.26  to  7.30  show  that  the  calculated  temperature 
profiles  are  in  good  agretmeni  with  experimental  results.  The  width,  depth,  and  the  shape 
of  the  temperature  profile  match  well  with  die  property  profiles  on  the  surface  or  the  cross 
section  of  the  laser  densified  spot.  It  is  found  that  the  densificadon  of  the  gel-silica  glass  is 
effeedvely  enhanced  by  laser-induced  high  temperature.  On  the  surface  of  the  laser 
inadiaicd  ^ die  calculaied  tempetaiure  higher  than  SOtPCfor  lOCPC)  results  in  an 
increase  in  VHNfor  PMP).  Along  the  cross  section  of  the  laser  irradiated  spot,  the 
calculated  tempoature  higher  than  Sa0°C  results  in  an  increase  in  VHN. 
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Figure  7.29  Companson  of  ihe  calcialied  leropaature  profile  with  the  PMP  profile 
in  the  middle  and  along  the  cross  section  of  the  laser  densified  spot  as 
shown  in  (a),  normally  lemperuture  and  PMP  varied  with  depth  are 
shown  in  (b). 


247 


Figure  7.30  Compenson  of  ihe  calcuaJied  lemperaiuie  profile  wiUi  the  PMP  profile 

along  the  cross  section  at  Ihe  same  depth  of  the  laser  densified  spot  as  shown 
in  (a).  normaUzed  temperature  and  PMP  varied  with  position  are  shown  in  (b). 
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7.2.5  Conclusions 

A ctinsiciu  model  simuioiing  the  ihrecKliiiiensioinU  lempemiure  distnbution  of  a 
laser densified  spot  is  demonstrated.  The  input  pammeiers  for  the  conipuBtions  are  close 
to  the  real  laser  opeiaiing  condidons.  The  headng  rate  and  cooling  rate  are  evaluated.  The 
maxinium  temperature  of  •'U50°C  in  the  center  of  the  spot  obtained  from  the  calculations  is 
near  the  temperature  needed  for  fully  densifying  the  gel-silica  glass  using  furnace  heating. 
On  ihe  surface  of  the  irradiated  spot  with  calculated  temperature  higher  than  dOO^C  Is 
confined  in  a legion  with  1.0  mm  in  diameter.  The  calculated  lemperaiure  of  the  cross 
section  of  the  iiradiaied  spot  higher  than  700°C  is  confined  within  a depth  smaller  than  140 
pm.  The  simulated  tempeiaiuie  profiles  are  in  good  agreement  with  VHN  or  PMP  profiles 
on  the  surface  and  the  ctoss  section  of  the  laser  densified  spot. 


CHAPTERS 

SUMMARY  AND  CONCLUSIONS 

fl.l  Summary 

This  study  expicnd  the  opdcai  applkadons  of  die  laser  densified  gel-silica  glasses. 
The  modem  technologies  of  sol-gel  processing  and  laser  piocessing  were  comtnned  and 
con^iaied  with  the  cutTcni  cpdcal  fobncadon  methods,  as  shown  in  Table  2.1.  Anew 
method  for  making  mjcrolenses  and  micro-optical  arrays  resulted  fttxn  the  study. 

Lasers  are  high  lechnobgy  tools  for  modifying  the  surface  propeity  of  the  materials 
by  direct  hearing  The  diffeience  in  the  bulk  density  between  Type  VI  porous  and  Type  V 
full  density  gel-silica  glasses  gives  rise  to  the  develt^meoi  of  optical  devices  with  a higher 
refractive  index  than  the  subsnate.  This  concept  becomes  a reality  by  using  a laser  to 
locally  densify  the  Type  VI  porous  gel-silica  glosses[Hen85|[Ram88|.  Thus,  optical 
devices  can  be  directly  "written'  on  the  surface  of  the  porous  gel-sUica  substrates. 

Advantages  of  using  laser  hearing  to  make  microlenses  on  Type  VI  gel-siUca  glass 
are:  speedfmass  production),  cleanliness,  suibili^.hi^  optical  quality,  muldchromatic 
source  compatible,  index  matching  with  fiber  opdcs,  ease  of  fabrication  and  design,  and 
wide  optical  applications  in  integrated  optics  or  micio-optics.  Laser  writing  is  a direct 
technique  that  simultaneously  improves  the  optical  perfoimance  of  the  lasa  irradiated  area 
and  produces  the  focusing  lens  in  the  substrate. 

In  this  study,  gel-silica  substrate  glasses  ate  densified  up  to  IOOO°C  using  thermal 

and  chemical  slabiliaations.  The  pioduciis  termed  a Type  VI  pcrous  gel-silka  glass.  Type 
VI  gel-silica  glass  has  a unique  homogeneous  pote  texture  with  average  pore  radii  of  1.2 
nm.  These  stractural  features  make  it  possible  to  control  laser  densification  and  therefore  it 
is  selected  as  the  substrate  for  laser  densification  in  this  study. 
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The  praperdes  of  che  gel-silica  glasses  duhng  densificadon  are  demmsiraied.  The 
final  product,  a Type  V full  density  gel-»lice  glass,  has  superit?  ihennal  and  optical 
properties[Hen88|.  The  property  changes  of  gel-silica  glasses  during  furnace  densificatkjn 
suppon  the  concept  of  enhancing  the  densificadan  of  porous  gel- silica  glasses  by  using 
laser  heating.  Mechanisms  of  the  physical,  ihermaL  mechanical  and  opdcai  properties  of 
the  gel-silica  glasses  art  discussed. 

FITR  normal  refleciance  micit>-spectioscopy  provides  a feasible  mean  fee  structural 
investigations  of  the  gel-silica  glasses  during  furnace  densificatitm.  As  the  densificaiiDa 
lemperamre  increased  from  ISO’C  to  1 150°C,  it  was  observed  that  the  AS  Si-O-Si 
stretching  vibration  mode  is  intensified  os  a lesuli  of  increasing  concentration  of  the 
vibrational  species.  The  wavenumber  of  the  AS  peak  is  also  shifted  lowaitis  higher 
frequencies  as  a resuJt  of  polycondensanon  and  densification  of  the  silica  network. 

Refractive  indices  of  the  gel-silica  glasses  can  be  calculated  ftoro  the  noitnal 
reflectivities  in  the  visible  range  using  equation  (3.16X  Or,  the  restive  indices  of  the  gel- 

silica  glasses  in  the  infrared  range  can  be  obtained  from  a normal  reflectance  spectrum 
using  the  Kramers-Krmig  method.  The  lineorrclaiionships  in  Figures  3.15  and  3.19  can 
be  used  to  evaluate  the  lefractive  index  at  0.633  iim  of  the  Type  VT  porous  gel-silica  glasses 
if  the  bulk  density  or  the  peak  maximum  positicxi  of  the  AS  vibration  mode  is  known.  This 
method  was  developed  due  to  the  foa  that  the  refractive  index  of  porous  glass  is  difficult  to 
obtain  by  using  a conventional  refiactomeier. 

As  discussed  in  Chapter  4,  fully  densified  regions  can  be  produced  on  porous  gel- 
silica  glasses  directly,  using  a COj  laser  without  ma.sks.  diffusion,  or  other  iniermediaie 
processing  steps.  The  evaluated  diameier  and  depth  of  the  fully  densified  region  in  the 
center  of  the  laser  densified  spot  are  -300  lim,  and  -10  tun.  The  dimensions  of  ihe  heat 
affected  zone  were -1400  pm  diameter  and  140  pm  depth,  respectively.  The  laser 
iiTsdialed  region  is  highly  densified  with  a GRIN  characienstic  which  can  be  used  to 
manipulate  optical  rays  for  focusbg  or  imaging. 
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Uiserirradiaied  spots  on  gel-stlica  samples  with  bulk  density  > l.j  g/c.c.  shew 
environmental  stability  and  the  capability  of  anaining  a full  densicy(2.2  gAt.c.}  tegion  in  the 
center  of  the  laser  densified  spot.  This  is  the  best  result  for  Inset  densiitcadon  on  Type  VI 
porous  gel-silica  glass  that  can  possibly  be  achieved 

The  stability  of  the  laser  irradiated  spot  can  be  assured  if  the  following  requirements 

(a) Use  of  a gel-silica  sample  with  high  starting  densiiy(>I. 8 g/c.c.)  as  a substrate. 

(b) Use  of  proper  laser  densifleadon  conditions  to  achieve  fuU  density. 

(c) Predesorption  of  adsorbed  water  in  the  gel-sUicasubstrate  prior  to  exposure  to 


(d)Providing  a low  humidity  environment  during  laser  densificaiion. 

Conditions  (c)  and  <d)  ate  requintd  to  prevent  the  deleterious  effects  of  water  on  the 
laser  dendffed  region  and  increase  the  efffdency  of  loser  densifleadon. 

Mechanisms  of  laser  densificantBi  on  Type  V!  porous  gel-silica  glasses  are 
pioposed,  which  include  (D  Elastic  densiiicationfreversibic).  (II)  Viscoelastic 
densilicatioo(tevereible,  and  itieveisible).  and  (III)  Plastic  densificanonOrtevetsible). 
Hiese  mechanisms  are  consistent  with  the  experittienial  results,  such  as  gradient  property 
changes  and  the  phenomena  of  relaxanon  of  the  loser  densified  region  on  a substrate  with 

Slight  surface  depressions  and/or  GRIN  regions  are  formed  on  the  surfeee  layer  of 
ihe  gd-silica  glasses  after  laser  irradiation.  The  optical  applications  of  these  laser  densified 
regions  are  discussed  in  Chapter  S.  There  are  three  types  of  microlenses  that  can  be 
fabncaied  ^ Type  VI  porous  gel-silica  substrates  and  Type  V full  density  gel-sUica 
substrates.  They  are  (a)  M-I  miciDlensea,  a geodesic  lens  or  a combined  lens  (b)  M-n 
microlenses,  a planar  GRIN  lens,  and  (c)  M-IR  microlenses,  a negative  microlens.  These 
microlenses  can  be  used  in  inicgraied-opdcs  ce  micro-optics,  as  described  in  Chapter  2. 
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[I  Is  dcmonsnaied  lhai  a M-1  GRIN  |eodesic  lens  can  be  used  id  focus  an  optical 
ray  parallel  lo  ihe  sulfac^  with  a focal  length  feasible  for  use  in  iniegraied-opdcs  cr 
acousDC-opucs.  An  M-II GEUN  planar  gel-silica  mioolenses  arrays  can  be  used  lo  magnify 
an  image  or  focus  optical  rays  incident  perpendicularly  on  the  surface  in  imcm-optics  or 
stack  planar  optics  discussed  in  Chapter  2.  Arrays  of  the  M-m  negative  tnicrolens  can  be 
used  ID  defocus  an  i^dcal  ray  as  a component  of  a compound  microleiises.  In  order  lo 
obtain  a low  loss  GRIN  surface  channel  vraveguide,  control  of  translational  speed  of  the 
gel  sample,  densificaiion  in  a dry  environment,  use  of  a gel  sample  with  density  >1.8 
gfc.c..  use  of  high  quality  surface  and  laser  densificaiion  conditions  of  pioper  pulse  energy 
areimponam. 

Optical  properties  of  the  laser  densilied  nucrolenses  are  discussed  in  Chapter  6.  It 
b dcmonstraicd  that  inicro-IR  spectroscopy  is  a fast  and  nondestructive  technique  for 
chatacieriaanon  GRIN  optics.  This  technique  allows  an  immediate  investigation  of  the 
structural  changes  of  laser  densitied  spots  and  tracks.  The  variations  of  the  AS  Si-O-Si 
stretching  vibration  mode  in  the  !R  refleaance  spectra  across  the  surface  of  the  laser 
densificd  spot  indicates  a gradient  in  the  densificadon  legion.  The  periphery  of  the  laser 
densified  spot  is  porouslBDrrl.S  g/c.c.)  whereas  the  center  is  fully  densified{BD=2.2 
g/c.c.). 

The  lefraciive  Index  profiles  of  the  laser  densified  planartnicmlens  at  0.633  (im  and 
at  337  pm  aJso  show  a giadlem  index  change.  Thus,  the  laser  densified  region  can  be 
used  as  a GRIN  microlens.  The  esdnuiedindexchanges  induced  by  COj  laser  heating  at 
0.633  pm  and  at  3.57  pm  are  0.09  and  0.08.  respectively. 

The  coupling  efficiency  is  excellent  due  lo  the  high  nansmiitnnc*  of  the  gel-silica 
glass  at  0.633  pm.  The  focal  length  of  a laser  densified  M-0  planar  mictoiens  is  a little 
large  which  is  limited  by  the  extremely  low  theimal  conductivity  of  the  pure  silica  substrate. 
The  focal  length  can  be  reduced  by  increasing  the  index  change  or  the  depth  of  GRIN 
region.  The  numeticaJ  aperture  can  also  be  enlarged  by  increasing  the  index  change  or  the 
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depth  of  the  GRIN  region.  The  resulting  half  width  of  the  focused  spot  is  large  which  is 
also  due  to  the  insufficieni  index  change  and  depth  of  the  GRIN  region. 

The  shortest  focal  length  of  the  laser  irradiated  M-in  negative  mioolens  is  - 3 mm 
due  to  the  large  curvature  of  die  surface  depression.  The  size  of  the  depression  can  be 
mcdulated  by  using  different  laser  power  and  varying  the  distance  L2  of  the  laser  focusing 

Theoredcal  analyses  of  the  optical  properties  of  the  GRIN  planar  microlenses  show 
that  the  focal  length  decreases  dnisticaUy  at  decreasing  rarlius  of  the  microlens.  increasing 
index  change  or  incieasing  GRIN  depth.  The  minimum  focal  length  can  be  reduced  to  0.25 
mm  if  the  radius  of  the  micn^ens  is  reduced  to  0.03  mm.  The  calculated  focal  length  of 
5.14  cm  is  consistent  with  the  measured  focal  length  of  5.26  cm. 

In  Chapter  7,  cransieni  models  simulating  the  dynamic  three'diinensionai 
lempeianue  distributions  of  a laser  densified  track  or  spot  are  demonstrated.  Temperature 
distributions  of  the  laser  densified  spot  are  simulated  within  a computarional  volume  of 
2x2x2  mm’,  with  1000  data  points  per  volume.  The  input  parameters  for  the  computations 
of  the  temperature  distributions  are  close  to  the  real  laser  operating  conditians.  The  heating 
RUB  and  cooling  rate  are  evaluated.  The  maximum  tempetaiute  of -1 1S0°C  in  the  center  of 
the  laser  iiradialed  region  obtained  from  the  calculations  is  close  to  the  temperature  needed 
for  furnace  dcnstficariDn.  The  simulated  temperature  profiles  are  in  good  agreement  with 
ihemiciohardness(VHN)  and  the  !R  peak  maximum  positionfPMP)  piofiles  on  the  surface 
and  the  cioss  section  of  the  laser  densified  spots. 


The  significant  uccomplishmenis  of  the  laser  densificadon  of  gel-silica  glasses  and 


optical  applications  achieved  in  this  study  ore  summarized: 
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(a) Developni  a new  meihod  of  fabrioadng  optical  devices  on  ge!-sUica  stibniaies 
using  laser  ncaiing. 

(b) Developed  a meibod  of  measuring  ihe  leftnctive  indn  of  ibe  porous  gel-sUica 
glass  irom  opdoal  lefleciiviiies. 

(c) A  process  was  developed  for  producing  gel-silica  substrates  for  further  laser 
densificaiion  with  high  bulk  densides  > l.S  g/c.c.and  < 2.2  g/c.c.  and  low 
hydroxyl  conienL  The  process  used  a combination  of  ihennal  and  chemical 
stabilization. 

(d) Special  meihods  were  developed  lo  avoid  the  relaxation  of  the  laser  densified 

(e) Demonstraie  that  substrate  densities  >1.S  g/cx.  produced  stable  optical  elemems 
by  using  localized  laser  deasificotion. 

(OEslablished  Ihe  necessary  laser  densification  conditions  for  fabricating  optical 
iransparem  spots  on  the  porous  gel-silica  subsiraies. 

(gll^oved  that  the  laser  densified  region  has  a higher  refractive  index  than  of  the 
gel-silica  subsoale.  and  showed  dial  ihe  index  change  can  be  modifol  up  to  0.09 
which  is  larger  than  the  index  change(=0.05)  of  a CEUN  tod  made  from  sol-gel 
processfYam90|. 

(hlDemonstraied  ihai  ihe  shape  of  die  laser  densified  region  is  hemispherical,  die 
dimensions  are  £ IJOOmm  in  diameier  and£  ISOpm  in  depth. 

(DShowed  that  a full  densily<2.2  g/c.c.)  region  Inihe  center  of  ihe  laser  densified 
spot  was  achieved  on  a substrale  with  bulk  density  > 1 .80  g/c.c..  the  dimensions 
of  ihe  full  density  region  is -0.300  mm  in  diameter,  and -10  iun  in  depth. 

(jlCharacietized  the  laser  densified  region  to  have  a GRIN  piopeny  which  can  be 
used  to  manipulate  t^iical  rays  such  os  focusing,  imaging,  guiding  and  directing. 

(k)Detnonstrale  the  feasibility  of  using  micro- IR  ^lectroscopy  to  characterize  the 
laser  densified  region  which  is  a fast  and  nondestructive  technique. 
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(UDemoiuimal  unique  feaiures  of  iaser-wrinen  optical  devices  such  as  coattoUable 
dimensionsIS  1.5inm|andpauernsorihe  laser  ifiadiaied  regions. 

(m) S  bowed  several  optical  appbcanons  of  the  laser  densified  c^dcal  devices  such  as 
GRIN  microlenses,  geodesic  microlenses.  and  micro-opiical  arrays,  some  of 
which  cannot  be  made  easily  by  any  other  means. 

(n) Established  that  the  focal  length  of  a geodesic  mloolens  mode  by  laser 
densification  can  focus  optical  rays  along  the  surface  due  to  the  sufftcieni  index 
change  and  GRIN  depth. 

(o) Demonsiroied  that  the  coupling  efRciency  of  a laser  densified  lens  is  excellent 
due  to  the  high  transminance  of  the  gel-silica  glass  at  0.653  pm. 

(p) Identified  the  vaiiables(lhe  radius  or  the  GRIN  depth  of  the  tniciolens)  which 
can  lead  to  producing  shon  focal  lengths  of  the  GRIN  planar  gel-sUica 
miciolenses. 

(q) Deveioped  a 3-D  theimal  model  which  successfully  predicts  the  dimensions  of 
the  heal  a^ecied  aone  of  the  loser  densified  gel-silica  glasses, 

(r) Showed  that  the  calculated  results  of  the  temperature  distributions  fiom  the 
theoeiical  model  are  in  good  agreement  wiih  the  propetiy  distributions  of  the 
laser  densified  region. 

This  work  also  showed  that  ihe  focal  length  of  M-Q  planar  microlens  is  a little  large 
for  use  in  imcTD-optics  due  to  the  limiianon  of  the  extremely  low  ihermal  conductivity  of  the 
pure  silica  substrate.  However,  the  focal  length  can  be  reduced  by  inodasing  the  index 
change  or  the  depth  of  the  GRIN  region.  The  numerical  aperture  can  also  be  enlarged  by 
increasing  the  index  change  or  the  depth  of  the  GRIN  region.  The  resulting  half  width  of 
the  focused  spot  is  large  which  is  also  due  to  the  iitsufTicieni  index  change  and  depth  of  the 
GRIN  region. 
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Puciire  work  which  can  be  extemied  from  these  studies  include 
(a)lhe  focal  length  of  the  CEUN  planar  gel-silica  miciolens  can  be  incieased  by 
reducing  the  radius  the  the  microlens. 

(bjThe  index  change  of  the  microlens  can  be  increased  by  doping  or  dlRusion  of 
heavy  ions  on  the  surface  layer  of  the  gel-silica  substrate  prior  to  laser 

(clThe  wavelength  range  of  the  optica]  transmiiunce  can  be  increased  by  using  a 
porous  floiihde  gel-silica  substraie  for  further  laser  densificatiaru 
(d)Laser  densiScation  is  feasible  to  produce  a stable  and  fully  densified  andomode 
channel  waveguide  if  the  processing  conditions  arc  properly  controlled  before 
and  during  the  laser  densificaiion. 


APPENDIX  A 

KRAMERS-KRONIG  METHOD 


Galccner  cc  al  derived  expressions  in  the  harmonic  apptoximadon  to  relate  die  Etst' 
order  IK  spectra  of  a disonleted  solid  to  a common  set  of  vibrational  densities  of 
sutes|Pet73J.  Infrared  derived  quantities  cue;  and  {ulm(-e-i)  are  equivalent  as  IR  spectra, 
ui  is  equal  to  (2ir0  wheref  is  thefrequencyd/second).  E'(::ei  + i£2)  is  the  complex 
dielectric  constant  of  the  isotropic  materiai  vrhere  the  real  (ei)  and  imaginary  <E2)  pans  of  E 
can  be  computed  from  the  ief1ectivity(=R)  at  normal  incidence  using  Kramers-Kronig 
techniques,  if  R is  measured  over  a sufTiclendy  large  ftequeney  range.  Studies  of 
Ktamera-Kronig  methods  are  discussed  elsewhcielCasTfiKGasTdKOhiSSI. 

Since  n and  k are  related  to  the  afoicmendoned  E.  the  reflecdoo  spectrum  also 
depends  on  the  fundainenal  opdcai  constants  n(real  piui)  and  kfimaginaiy  pnn)  of  a 
complex  refractive  index  n*.  The  lelalionships  between  E,  n.  and  k are  listed  as 
foUows|Alin90]: 


n*=V(£*)=n-ik 


E2~2nk 

Im(-l/E*)=2nk/(n2+ki)2 


(A-1) 

(A-2) 

(A-3) 

(A-4) 

(A.5) 


n is  the  index  of  lefraction  and  k is  lelaied  to  the  absotpdon  coefitcieni  a and  the 
wavetengih  X.  These  constants  can  be  obtained  by  a deconvolution  of  specular  reflectivity 
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results  by  using  Kramers- Kronig  analysis.  The  percentage  refieetivity(=R)  from  one 


The  complex  amplitude  r*  of  die  reflected  wave  is  given  ns  a function  of  the  phase 
diffeience  6 between  the  incident  and  leflecied  waves 


Since  R^iil^.  the  following  expressions  of  n and  R are  easily  derived  as 
fbllowslAlm90); 

n=  l-R 
" l-sR-2R''Jcos6 

Ij,  2R''^sin  e 

l-fR-2R‘/2cos  6 

Where  R is  experimenially  mensuied  and  S Is  obtained  &om  the  experimentally 
reflectivity  R(oi|  via  the  Kramers-Kronig  transformation 


R=l(n'-l)/(n*v.l)|2 


r*=lilexp(i0) 


(A.7) 


(A.IO) 


Above  integral  has  computed  for  each  an 


sufficiemly  large  frequency  range.  In  this  study 


ngular  frequency  of  in 
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Kiamers-Kronig  method  are  obtained  by  using  a softwan  called  LABCALC  fiom  Calantic 
IndusDies  Coipoianc»i|Lab90|.  In  addition,  the  teflecdon  spectrum  c^tained  in  ihis  study 
is  at  nonnal  incidence  which  U consistent  with  the  assumpdon  of  the  Kiamets-Kionig 
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APPENDK  B 

COMPUTER  PROGRAM  OF  THE  LASER  DENSIFICATION  MODELING 


wriie(ll,*) 

wrile(U431)  mK.tn.ax 

dx  . xn.K/(in^l) 


S = a 
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if(iL«).l)  then 


10  change  these  data?  (1  ■ yes,  2 ■ 


read(*,')  dll 
readC,')  diO 


wriie<ll,-) 

wriie(ll,‘) ' • 

whie(ll,’) ' lime  iniervtl  in  ouipui  •'.dlini 


KCi»  •U“' 

111  l(y,k).  lair 

call  iiiilia(ie,je,keimaxJniax,lntax,I.IiBi) 


14  OPEN(21,nLE-’ploloat',STATUS-’NEW) 


wncel21,*]  imaajmaxikinax 
wrile(21,900|  <a(i),i>ljmaa) 
wraeCLSW)  (yO)J-ljmaa) 
wnie<2I.9a!)  (z(kXk-l.kinaa| 


«TiieC3)l)  di 

wriicdUOl)  dt 
I foim«(//U.78(-l//ta.’K< 


U rhs(iejc,iie.iraMjmax,kmaiAyi. 


all  coe(Bb(ie^e,ke.l,l,iraazJinax,kmBX,ie.ii 
jJJudek^dch.uiia.bjpb,diQ. 
all  uid(ieJe.fce.l,iiiuu.b,a|A 


a(tle.l)  ariteC.')  - .ijjdj.k) 


il(jaiaxle.3)  goto  12S 

c wh(fr{*,") 'calculate  aloogy-diracuoo.  m>)' 


I >IJ>k.y,dck.ccLdcli.tair,aJ),ipbJl0.uj} 

call  Lrid(ie^e,ke^max,adiapb 
1 jJjMniiajei<x.kinau,l| 

do  13aj-ljmax 

c wrileC,')  •ij^2(g,l)  -'.g^g.k) 
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if(toq.l)»Tiie(V)'ig.a(io.l)  -'.■g.iWW 


call  ibc«icjic,i.u.dck. 


CUWail^ATUS  - 'KEEP') 
CL0SE(21,STATUS-'KEEP1 


bc*M**((2.*(i'Uil)*xhiiud)/xhfDzl) 

xa-iidltjliiiKl-(bpri>e-bml)/(2.*(I.t|)e)) 

a(i)*isio*ahnal'{xii*nil)/iEhiiul 


do50j.2jBa» 


Hr 
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ir<i24l-iniax*l)  i2-inux*l 


cC,liO)  i(i),a(i.2.I) 


liO  tonnsida,'!  T(i,y"0,z«0) 
200  conOaue 


e;  calculaie  the  right  hand  ride  of  dilTeience  equation  ' 


1 AUdek.ccMch,lairAb^^4t0ril,tLW,qlajer) 

dmteDsioa  s(ieje,ke),t(ieqc,hc), 

1 l(ie),y0e)akB),a(43),b(43),apb(43) 

call  soueee(ie,jc,ke,iniBXjmax,kinaa, 


caO  coefabfie^keJZ.l,iniaxJttiax.kmaJi,ieamaa 
I ,g.kAdchxfk.dch.lair.a.b4f4>.dt0.uj) 

s(gJ‘)-iC‘J.k)*a(i)‘l(i-tj,k)tb(i)*l(ltlj,k) 

I *aiib(i)'l(iji) 


ifOna&kJ)  goto  15 

call  coe£ab(lejc,ke,2,2.ima]uiRiBJLkfoaxje^mu 
1 4j^,dck.cclulcb,lair,a,b.apb,dl0.u,z] 

do  Zl  j-2doiaB>L 

*(lik)-»(ijJi)*iO)'i(tj-l.k).bCj)Mij.|,k) 

1 -apb(j>‘>(g.k| 

lf(k.eq.l)  wrilcfV)  'y^  ij4(lj,l) 


do  30  knl^ax'l 


....  calculate  tbs  along  z*dlreeliott  ... 
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K . l.*2.-dcli'ddc/ai/(i(2)-t(l))-iU0 
.(yi)  - »(y,k)*b<li)'l(iJJiM)*.pt.(k)-i(io,kl 

1 •2.'dch'ddi/o4/(z(2)-z(l))'tl(ij,k)-tairri!iO/M 

c 1 -b(k)*dch/cck"(z(2)'itl))^«ir 


I •*(k)*I(ij,k-l)*b(k)*i(iikU)»opb(k)‘i(y,k) 


c if(k.eQ,I)wrii«(V)'i-d.ij4(ij,I)  ■'.ijjfig.ll 


I.y4,s.dl0.lll,u,w,qlssei,itdi.cck.dch) 


Oam  • 0. 
ibnC  • cdc/ddc 

Oiail  - qlss»r'(3,I415926S’W2*,[|0l) 
ilol(»i>2Jmu-l 

yd  . i'Crtj*I)-y(i-I» 

K((rti>*rtj*i»/2-«e-*l  yd  ■ ••-S*(y(i-I)*«j)) 

ilO«2)  ihcn 


(x(l)-»(2))/2. 
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■ 0. 

mb  . Wi.I)..(i))/2. 

>ol  . 

if(>loclJlJIni2)  il  • 2 

|[(lk>cL)e^l.ud^i:ijnih 

if(doclLgljBil.iDdjJoehJejan 


ir(Leqj2)  Id  - dock  - <>(i-I)+x(0)/3. 
if(il4,.i2)  Id  . l*w 

w . ,l25*Mi*l)-di-l))*(yO*>)->ti-l))'W7)-ai)) 

IF(I.EQ.2) 

1 W - 2J*(X(Ul|.X(l))-(Y(J.l)-y(J.I))-(Z(2).Z(l)) 
i{(j.oeJ)  Ihen 


c wRrrE(V)” 

c wRrrec,-)  ■OTOTAUOSUMAA  -',qtotai,osumaa 

C WRtTE(V)  " 


il(i(y,l)j«-l) ) lh*n 
K - l.*i-dch*ilcic/ttk/(«2)-j(l 

WRITEC,*)'I45{U.1|  .MJ,S{I 


,iJ,k^dck,cck.dch.l8ir,8d>jpb,d(0,u,i} 
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dimeraioo  u(ie,ke).ifKje,ke)4(ie)^e),8(ke) 


do  lOj.lg’ml^ 

XI  - X(2).X(I) 

a . zaym) 

T(1J,K)  • (CCK/XIT(2J.K)*DCH*TAIR)/(CCK/XItDCH) 
!F(Kf0.l)T(I4,l)  - (CCK/XIT(UI)*CCK/Z1T(1J,2)*0CH’TAJR) 
1 /(CCK/XI.CCK/Z1*DCH) 

C T(U,K)  • T(2J.K) 
l<iniuj,k)  • u(i» 

TX(J,K)  ■ T{1MAXJ,K) 

l-{T(tMAXJJC)-T(IMAX-U.K))*(U'DTO)/{X(lMAXl-X(iMAX-I)) 

10  COOTINUE 


1 ,iJJi.>>iiuJ<iiai.lusuAI) 

dimeiuion  a(43),W«),spl>(«]^(43)A(ieje,ke),l(icJt.kc) 


il(iec«t.l)  8(ni)-s(iiijJ:)/apb{m) 

I 'iii,i.bji*4 -’,m,a(m)Xni),apWm),B(m) 


a|m)*a(mj/apb(m| 

b(B)*h(Bi]/apb(m) 

15  apb<ai)*l. 

b(onio)  ■ b<imniD)/apb<nimin) 
20  B(m).(*(in)-a(ra)*|(in-l))/clj 


20 


il(iete<|.l)  Mmo.k)"Kin) 
ifficc.eqj)  K><raJ)*|(B) 
iffieteBJ)  l(ij,ra)-t(m) 


ssafiS'jS-  “■  “■ '■ 

S£S6'SS£»~  '■■  ’'"“*  ”‘’- 
«sE*asiasgits  ’■  '■  ”■  •»-•  - ■-  *- 
ssi^ifeSKs-sa  "■  ““"■  °'  '■  *’”■ '■  "- 


ESSirsa.;!!!--  ”■  '■  “*■“■  '* 
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